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State-of-the-art electronic products are essential to
the nation’s security. - Increasingly, production of these
electronic assemblies will require the use of automated
manufacturing to make affordable, high quality, functional-
ly superior electronic assemblies or subassemblies quickly
and in small volumes, and to change quickly from product
to product. To help U.S. industry gain the technical
capabilities necessary to provide this, the Department of
Defense (DOD) asked the National Research Council’s
Manufacturing Studies Board to identify new assembly
manufacturing technologies that are essential for the U.S.
defense supply.

The Panel on Strategic Electronics Manufacturing
Technologies, formed by the Board to conduct this project,
selected three indicators that a technology should be
given special attention by the U.S. defense community.
These are:

o Essentiality--technologies absolutely essential to
producing affordable, functionally superior electronic
assemblies, by definition, deserve attention.

e Barriers--technologies facing major barriers to
their development are likely to be beyond the capabilities
of a single company and therefore to require outside
support.

e World leadership--technologies in which the United
States most seriously lags foreign developments are most
likely to threaten our ability to compete in world-class
electronics assembly manufacturing.

The Panel developed a list of candidate technologies

and considered their application to seven factory
functions:

Copyright © National Academy of Sciences. All rights reserved.
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e requirements and specifications,

o design,

® acquisition and use of externally acquired com-
ponents,

e fabrication,

e assembly,

e test of product and process, and

e field support.

On the basis of its own experience and questionnaire
responses received from electronics experts, the Panel
rated the 30 technological applications that seemed most
likely to be important to the U.S. defense community on
essentiality, technical and nontechnical barriers, and
U.S. position. The Panel then defined a Criticality Index
as the product of the three numerical factors. Any
technology that rates high on all three factors is, by
this calculation, critical to the U.S. defense community.

CRITICAL TECHNOLOGIES

Six technologies emerged as being most critical. They
are:

automated statistical process control,

automation equipment technologies,

factory system integration,

modeling and simulation,

design automation tools, and

electronic packaging and interconnect technology,

in that order. The three most critical technologies and
their implications for the Department of Defense are
described below.

1. Automated Statistical Process Control

Control of each process step, and in particular auto-
matic process control in real time, is essential to auto-
mating manufacturing processes. The rate of production of
automated factories  is too high to allow waiting for
product test and evaluation to be completed before making
in-line process adjustments. The amount of scrap produced
between the time the process goes out of its limits and
corrective action is taken is simply uneconomical. In

Copyright © National Academy of Sciences. All rights reserved.
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addition, close control of individual steps in complex
product fabrication sequences is crucial to achieving
acceptable overall product yields.

Leading U.S. companies are as good as other world
leaders at process control, but they provide only a small
part of defense production. The vast majority of U.S.
electronics companies- are four to five years behind their
foreign competitors, particularly Japanese companies, in
the practice of manufacturing process control.

More technical work is needed to achieve automated
statistical process control, but the greatest barrier to
its widespread use in this country is that many managers
believe it is not necessary. Most managers believe that
they already exert good control over production processes,
but they rarely do. To many, control means the ability to
find and correct faulty products rather than faulty pro-
cesses. Further, the number of U.S. technical personnel
competent in manufacturing process control falls well
short of current needs.

Control of a process requires thorough understanding of
all factors affecting process results, and a solution to
the problem in one environment rarely can be transferred
to another. Each process requires the investment of time
and attention to master the level of detail needed to
control it. The costs of achieving this mastery are
high--but so are the potential benefits.

Although some technical barriers hinder automated
control of processes in electronics assembly factories
(sensor technology is particularly lacking), they are
minor compared to the gap between technical knowledge and
manufacturing practice. The challenge for the U.S.
electronics manufacturing community is to tackle the
management concerns that are preventing process control
from being more widely used.

The Department of Defense has already taken an
important step in that direction by highlighting the use
of statistical process control (SPC) in its manufacturing
requirements, but that is still a relatively weak incen-
tive. Japanese firms that are SPC leaders will soon be
competitors of U.S. defense contractors; that alone should
be a strong incentive to speed U.S. utilization of these
methods.

2. Automation Equipment Technologies

Automation equipment technologies--automated tools, ro-
bots, and flexible manufacturing equipment--are essential

Copyright © National Academy of Sciences. All rights reserved.
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to factory automation for (1) fabrication, (2) assembly,
and (3) testing of products and processes. Proficiency in
these technologies allows manufacturers to achieve gener-
ally higher quality at lower cost. Higher reliability
and reduced downtime of the production line also depend

on these technologies. In addition, design for manufac-
turability requires expertise in automation equipment
technologies.

U.S. companies generally lag their foreign competitors
in the use of these technologies, by up to 5 years.
Despite a strong position in the software and computer
hardware components of these tools, the United States lags
in the mechatronics (i.e., the technology of computer-
controlled mechanical devices) aspect of the technologies,
especially in precision engineering. The U.S. academic
position in this field is relatively weak, as evidenced by
the lack of academic recognition of precision engineering
as a university department and by the generally low
academic standing of researchers in this field.

Automation equipment technologies are available to U.S.
companies, but primarily from Japan. Widespread use of
these technologies in the United States is hampered by a
shortage of knowledgeable personnel, the high cost of
experimenting with the technologies, and the lack of
common interfaces.

Cost is a barrier that cannot easily be overcome. The
formation of cooperative research and development arrange-
ments would benefit all participants while bringing the
cost to an acceptable cost-effectiveness level for each
company. While such consortia are not easily established
in this country, the creation of Engineering Research
Centers, Sematech, the Microelectronics and Computer
Technology Corporation, and the National Center for Manu-
facturing Sciences suggest that the best of U.S. industry
is becoming better at forming cooperative arrangements.

The United States already depends on foreign sources
for developing key automation equipment technologies; this
dependence can only be expected to increase. We have,
nonetheless, a unique opportunity to support R&D in these
technologies, which are critical in many aspects of weapon
development as well as for automated manufacturing tools.
Precision engineering and mechatronics, if properly sup-
ported, could accelerate not only manufacturing technology
but also the development of new products for the national
defense. A strong emphasis on these areas, coupled with
the U.S. strength in computer tools for design, could
change us from laggards to leaders.

Copyright © National Academy of Sciences. All rights reserved.
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5
3. Integration of the Total Factory System

Total factory integration includes integration of the
product design, fabrication, factory management, and test
operations necessary to establish a complete manufacturing
entity. It requires the skills needed to combine all the
pieces into a consistent, interoperating whole. Produc-
tion of affordable, functionally superior electronic assem-
blies cannot be achieved without total system integration.

The United States and Japan appear to share: world
leadership in process integration, but it is a changing
field in which either country could gain the lead. The
current state of factory system integration extends to
islands of automation with limited control linking.
Ability to fully configure individual processes remotely,
a necessity for fully flexible electronics assembly
automation, has not yet been satisfactorily demonstrated.

While many of the technical problems of factory
integration remain to be solved, they are not as difficult
as the problems of time, cost, and management commitment.
In fact, as a result of competing approaches now being
taken, the probability of technical success is high.
Whether senior company management is able and willing to
invest in the lengthy, expensive process of total factory
integration during times of financial stress, however,
remains to be seen.

The competing approaches are a problem as well as an
advantage. Because each of the various vendors (of
factory integration systems, hardware, and software) has a
different systems approach, the factory integrator cannot
invest in a single system with the assurance that it will
prevail. Makers of individual manufacturing machines have
adopted differing control and data architectures, and
existing interface and data base standards are inadequate
to enable companies to integrate diverse systems.

The Department of Defense could help overcome the
identified technical barriers by:

e requiring its contractors to wuse standards that are
gaining broad-based acceptance in industry;

e helping to bring equipment vendors and factory
operators together, by routinely involving lower-tier
contractors in such programs as manufacturing technology
and mobilization planning;

e encouraging training of technical experts in this
cross-disciplinary area through funding of integrative
university-based centers; and

Copyright © National Academy of Sciences. All rights reserved.
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e encouraging meaningful demonstrations of the
benefits of total factory integration, such as was done by
the U.S. Air Force Materials Laboratory on a smaller scale
with the integrated sheet metal center.

The current U.S./Japanese parity provides an opportu-
nity for the United States to benefit from a major effort
in this area. One possibility is to construct a large,
experimental, government-supported facility to demonstrate
the state of the art of electronics assembly factory
automation, to establish its benefits, and to speed
development in those areas impeding progress. Such an
operation would make available, to the defense and other
domestic electronics manufacturing communities, real-world
experience in integrating factory operations, provide
leverage from a single, large investment, and provide
focus for small suppliers of equipment and materials.

Copyright © National Academy of Sciences. All rights reserved.
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1 INTRODUCTION

The Department of Defense (DOD), as part of its
mission to protect national security, asked the National
Research  Council’s Manufacturing Studies Board to
identify the new assembly manufacturing technologies that
are essential for producing state-of-the-art electronic
products. Specifically, the DOD asked the Board to:

e identify current key technologies and anticipated
developments during the next 5 to 10 years,

e appraise the net position of the U.S. compared to
international competitors for each of those technologies,

e identify major technological barriers inhibiting
progress, and

e recommend those technologies on which the U.S.
defense community (the DOD and its civilian contractors)
could best concentrate resources to maintain or gain a
lead in the automated manufacture of complex electronic
assemblies.

To conduct that project, the Board formed the Panel
on Strategic Electronics Manufacturing Technologies, a
part of the existing Committee on Electronics Automa-
tion. From 1985 to 1987, that committee looked into the
procedural and technical changes that would maximize the
benefits to the Department of Defense from the automated
manufacture of complex electronic equipment such as
communications security systems.

FRAMEWORK FOR CONSIDERING
ELECTRONICS MANUFACTURING TECHNOLOGIES

The Department of Defense used the diagram of a fac-
tory shown in Figure 1-1 to describe the location where

7

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19132

The Future of Electronics Assembly
http://www.nap.edu/catalog.php?record_id=19132

Figure 1-1. FACTORY FOR AUTOMATED PRODUCTION OF
ELECTRONIC ASSEMBLIES
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automated manufacturing will be applied. The products
of this factory are electronic assemblies at the device
or system level, with high-variety, low-volume produc-
tion. The Panel focused on the technologies that are
essential to enable the factory to produce affordable,
functionally superior electronic products.

The Panel defined manufacturing broadly, to include
not just production processes, but all the steps from
requirements definition through support of the product in
the field. These manufacturing functions can be divided
as follows:

e requirements and specifications,

e design,

e acquisition and use of externally acquired compo-
nents,

e fabrication,

e assembly,

e test of product and process, and

e field support.

The trend toward computer-integrated manufacturing
means that companies are moving toward greater real-time
interaction among these functions. The Panel addressed
these functions separately, but also addressed the
integration of functions.

The Panel compiled an initial list of 32 candidate
technologies, shown in Figure 1-2, that are likely to be
important for automated electronic assembly. The Panel
then reduced the list to 11 technologies that were
considered absolutely essential to produce affordable,
functionally superior electronic products or systems.
These 11 technologies were addressed in detail.

. The 11 key technologies and the 7 factory functions
listed above formed a matrix of potential Key Technologi-
cal Applications, shown in Figure 1-3. The Panel then
applied the “absolutely essential” criterion a second
time to select the key technological applications--that
is, technologies that are essential to achieving auto-
mation for particular manufacturing functions. The 30
applications that resulted from this two-step selection
process are identified in Figure 1-3 by boxed numbers.
The ' first one, for example, reflects the Panel’s judgment
that design automation tools applied to the requirements
and specifications function will be essential to the pro-
duction of affordable, functionally superior electronic
products.

Copyright © National Academy of Sciences. All rights reserved.
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Figure 1-2. INITIAL LIST OF IMPORTANT TECHNOLOGIES FOR
AUTOMATED ELECTRONIC ASSEMBLY

Information Handling and Processing

Design automation tools (computer-aided engineering, design for
manufacture, mechanical, electronic, test, design, design rules, etc.)
Computer capability (software and hardware; mainframe to microprocassor)
Artificial intelligence (various forms)
Data base technologies (organisation, sise, integrity, consistency,
security)
Modeling/simulatlon/prototyping (including software prototyping)
Managemsnt Systems (manufacturing requirements planning, configuration)

Process Technologies

Automated statistical process control (real time)

Component mounting and connectlon

Patterning (transfer of design to product)

Maetal plating and deposition

Materials shaping and forming (including near net shape)

Nondestructive assembly and repair (as components become more sensitive)

i t o

Robotics, flexible equipment, and data-driven automated tools
Controllers

Vision systems, especially three-dimensional

Tactile sensing

Fault-tolerant systems

Material handling

Label sensors (e.g., bar code)

Lasers (multiple functions--measurement, cutting, etc.)
Diagnostic/malntenance technology--factory

Fagtory System Technologies

Data networking (Manufacturing Automation Protocol, local area networks,
etc.) and security

Total system integration

Factory system architecture

tep d Compenen
Materials selection and substitution
Polymer and adhesive chemistry
Printed wiring board interconnections
Mechanical connectors and fasteners
acilities

Facility engineering and construction
Contamination control

Human Factory

Training technologies/process instruction
Man/machine interfaces (including voice recognition)
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Figure 1-3. MATRIX OF KEY TECHNOLOGICAL APPLICATIONS
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These 30 key technological applications are described
in detail in Appendix A. For each application, the appen-
dix lists the current status and anticipated developments
within the next 5 and within the next 10 years.

COMMITTEE PROCEDURE

The Panel used the 30 key technological applications
as the basis for a questionnaire that was sent to experts
in automated manufacturing technologies in the electron-
ics industry. A sample page from the questionnaire is
shown in Figure 1-4. The questionnaire devoted a page
to each of the 30 applications, and respondents were
asked to fill out the pages in areas about which they had
knowledge.

While most of the respondents were from the electron-
ics industry, responses were also received from federal
agencies and from wuniversities. Sixty questionnaires
were sent, and 26 responses received. Most of the re-
sponses reflected the work of more than one person. The
Panel members used the responses to supplement their own
knowledge in developing the findings presented in the
remainder of this report.

ORGANIZATION OF THE REPORT

The Panel has organized its findings to present
different levels of aggregation. Chapter 2 rates the
importance, net U.S. position, and technical and nontech-
nical barriers of the 30 technological applications;
these ratings are used to identify the technological
applications that are most critical to the defense commu-
nity. The chapter provides the Panel’s basic findings
about where the DOD should place its emphasis.

Chapter 3 addresses some broad issues affecting the
ability of the U.S. defense community to use automated
manufacturing technologies for electronics assembly. It
describes where world leadership in the technologies is
located and suggests some nontechnical barriers that, if
addressed, offer opportunities to achieve or maintain
world leadership in the manufacturing technology used for
defense products.

Chapter 4 provides additional detail on six groups of
technological applications that the Panel found to be
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Figure 1-4. SAMPLE QUESTIONNAIRE PAGE

KEY TECHNOLOGY as applied to MANUPACTURING FUNCTION
DESIGN AUTONATION TOQLS EEQUIRENENTS & SPECIFICATIONS
Status of Techneleogy: What are the capabilities of this technology for this
manufacturing function (be as specific as possible; include hardware and soft-
ware), and how could ite capabilities be applied in the Four-Wall Fectory . . .
today:

within 5 years:

within 10 years:

Describe who {s doing the best work in
this area, the intended application, and the current state of R&D (e.g.,
engineering prototype at University X), and likslihood of success of competing
approaches .

: Comment on nature of barriers to progress for this
technology and time period they are liksly to be overcoms. Note recent
progress in overcoming past barriers.

Leading country/countries
Leading companiss/univeraiciss
VU.S. advantage: years or U.S. disadvantage:

years

: Ina -tan.-of-th.-art Four-Wall Factory, do you
consider the use of design automation tools for requirements and specifications

171 absolutely 171 very 1| a supporting
|- essential || important |1 technology
Salf Appraisal: | | expert in | | active in I7] technical
|_] field 1-] related field I-] observer
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critical. Chapter S5 summarizes the Panel’s findings
and recommendations to the Department of Defense.

In addition, three appendices provide greater detail
on the subjects of the earlier chapters. Appendix A
describes the current and future status of technologies.
The questionnaire data that were used in the calculations
are in Appendix B. Names of leading companies and
universities in the relevant fields are in Appendix C.
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The 30 key technological applications around which
the questionnaire was organized were the Panel’s first
iteration in narrowing the design and production
technologies on which the U.S. defense community should
concentrate its resources. To reduce the list further,
the Panel developed a criticality index based on the
questionnaires.

This single measure, criticality, used three factors
that the Panel considered fundamental to decisions by the
Department of Defense about which technologies to
emphasize. These factors are:

o essentiality--technologies that are absolutely
essential to producing affordable, functionally superior
electronic assemblies; without them DOD’s needs will not
be met;

o barriers--technologies facing major barriers
to their development are likely to be beyond the capabili-
ties of a single company and therefore likely to require
outside support; and

o world leadership--technologies in which the
United States most seriously lags foreign developments
are most likely to threaten our ability to compete.

A numerical rating scale was developed for each
factor, and criticality was defined as the product of the
three factors. Any technology that rates high on all
three factors is, by our definition, critical to the U.S.
defense community. The remainder of this chapter defines
the factors and presents the ratings of the technological
applications by factor, followed by their ratings on the
criticality index.

15
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ESSENTIALITY

Questionnaire respondents were asked to rate the es-
sentiality of the technological applications wusing three
categories: absolutely essential to achieving affordable
functional superiority, very important, or a supporting
technology. The essentiality rating for a technological
application is the weighted average of the responses
given by those who described themselves as experts in
that application, with the following weights:

Figure 2-1. ESSENTIALITY INDEX
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3 WORLD COMPETITION IN

THE CHANGING BASIS FOR WORLD LEADERSHIP

World competition in electronics assembly has changed
dramatically during the past 15 years. Global leadership
in the manufacture of low-cost, high-performance,
high-reliability hardware has passed from U.S. companies
that virtually invented both the component and assembly
technologies to Far Eastern companies (primarily in Japan)
that came to electronics manufacturing from a very
different perspective.

The United States, traditionally the leader in nearly
all facets of the electronics business, built its compe-
tence on developing, manufacturing, and supporting complex
electronic systems to meet defense, industrial, and gener-
al computational demands. Until a decade ago, success in
the world market was associated with low-volume, high-per-
formance systems, which depended on skills in product
development, product performance, software, and systems
integration. Manufacturing processes were a secondary
consideration at best, and the benefits of volume learning
processes in a disciplined manufacturing environment
cluded many electronics hardware assemblers.

The high-volume part of the electronics industry,
consumer products, was regarded in the United States as a
subordinate business. Manufacturing technology for
electronics assembly advanced slowly in this part of the
industry. Instead, emphasis was placed on product
appearance and low manufacturing cost, often at the
expense of manufacturing capital investment and product
quality and reliability.

The Japanese and a number of other Asian-based
consumer electronics manufacturers have developed, over

23

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19132

The Future of Electronics Assembly
http://www.nap.edu/catalog.php?record_id=19132

24

the past 35 years, a strong electronics assembly industry
based on consumer electronics products. Beginning with
transistor radio developments shortly after the intro-
duction of the transistor itself, these manufacturers used
experience in manufacturing high volumes of product to
establish a national niche in the world electronics
market.

Although they were aided by low-cost labor and a
number of other cost advantages, these volume leaders
captured the bulk of the world’s consumer electronics
business by emphasizing careful attention to the details
of electronics hardware manufacturing. They overcame a
national image of cheap, throwaway, low-technology
products to assume leadership in product quality, reli-
ability, and design and yet retained low manufacturing
costs.

From their experience with transistor radios, the
Japanese moved on to dominate the black and white tele-
vision set business, then color TV, and finally branched
out into new video, audio, and appliance products, often
based on developments elsewhere. At the same time, faced
with determined competition from abroad, many U.S.
consumer electronics manufacturers either moved to Asia
themselves or quit the business, often selling out to
their Japanese competitors.

In recent years, the technology embodied in consumer
products has advanced substantially as products such as
videotape recorders, compact disks, and cam-corders have
reached the market. In many respects, the technological
demands of some of these new products rival those of
high-performance computational and defense hardware. As a
result, the technological base of Far Eastern electronics
hardware manufacturers has become competitive with that of
some of the more performance-oriented electronics compa-
nies in the United States and Europe.

The difference between the Japanese and Western per-
spectives on electronics is in the emphasis on manufac-
turing. This difference may be increasingly important as
technologies become still more complex, requiring that
long sequences of closely controlled fabrication processes
be carefully managed to get even a minimal yield of
reliable, high-performance subsystems.

During the past several years, a few leaders in
the U.S. electronics industry have sought to develop
competence in high-volume manufacturing. They have done
so through major efforts to institute manufacturing
management techniques, improve product quality and
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reliability, and achieve competitive costs. These leading
companies appear to be closing the electronics assembly
leadership gap with the Japanese; however, the remainder
of the U.S. electronics assembly industry remains in a
poor competitive position.

While U.S. manufacturers have been concentrating main-
ly on Japanese competitors, companies elsewhere in the Far
East have developed aggressive native electronics assembly
industries. Korea, Taiwan, Hong Kong, and Singapore have
based their industrial programs on the Japanese model and
have captured the low end of the consumer electronic
products spectrum.

The development of the Japanese and other Far Eastern
electronics industries teaches a clear lesson: a strong
civil electronics manufacturing base is a good way to
develop world leadership in electronics assembly capabil-
ity--and it may be the best way.

Questionnaire Findings

The responses to the Panel’s questionnaire support the
scenario described above. The chart in Figure 3-1 re-
flects the respondents’ comments on foreign competition.
The left side of the chart shows areas in which the United
States lags the competition, and the right side shows
areas in which the US. leads. The scale is the average
of the experts’ judgments of the number of years by which
the United States leads or lags.

The preponderance of experts’ references were to U.S.
or Japanese leadership in the field; few references were
made to European work. In fact, Europe was viewed as more
formidable than Japan for only one application--data
networking applied to design. Furthermore, references to
both U.S. and Japanese competence in electronics assembly
technology were mostly to broad areas of strength, whereas
those to European accomplishments were generally to
isolated areas of competence.

Figure 3-1 clearly shows Japanese leadership in the
process and manufacturing equipment technologies, with
the United States stronger in systems and computer-based
technologies. This reflects the antecedents of the
electronics assembly industries in those countries as
described above.

A critical question is how the United States could
build on its leadership in computer and systems
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technologies to compensate for relative weakness in
process and equipment technologies.

INTERNATIONAL DIFFERENCES

U.S. companies must change some of their practices to
regain or retain world leadership in electronics. While
they will not want to slavishly copy their competitors’
specific practices, they can learn from the successes and
failures of firms in other countries. In addition, an
understanding of what underlies international differences
should help U.S. companies to capitalize on their
strengths.

Manufacturing excellence has become critical to com-
peting successfully in many facets of the business. The
Panel has identified several nontechnical considerations
that can limit success with automated manufacturing in
electronics--but can be overcome. They are:

e the status of manufacturing within companies is
low;

e most U.S. managers do not yet emphasize manufac-
turing as a means of achieving world leadership in
electronics;

e DOD, too, pays little attention to manufacturing
but emphasizes engineering in electronics procurement;

o defense manufacturing technology is now driven by
commercial manufacturing technology, which the United
States has been losing to Asian countries;

e competitive success depends on mastering not only
the hard manufacturing technologies (facilities and
equipment) but also the soft technologies (operating
procedures) involved in their use, and Asian countries
seem to lead in the latter;

e the Japanese have a structural advantage because
the U.S. electronics industry lacks vertical integration;

e U.S. companies have little experience or skill in
managing strategic partnerships, yet the lack of vertical
integration creates a greater need for all types of
alliances;

e the strength of the United States is in the
fundamentals of science and technology, not their
application; and

o furthermore, the United States is weak in the
language skills that will become increasingly necessary as
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more of the technical literature originates in other
countries.

These interrclated issues suggest strategies that
should be pursued to improve U.S. use of electronics
automation.

Status of Manafactaring Withia Companies

The U.S. electronics industry has traditionally been
driven by rescarch and development and marketing
functions. The manufacturing function and managers in
charge of manufacturing activitics have tended to be less
influential than their R&D and marketing counterparts.
This second-class citizenship is reflected in the career
paths of many manufacturing managers.

The impact of this informal class distinction within
U.S. companies can best be understood by considering
company cultures in other countries. Some traditional
industrial organizations of Britain and France, for
example, display a clear schism between an clite (senior
management and research staff) and the rest of the staff
(including manufacturing personnel). One’s place in the
hierarchy is determined more by educational background
than by company performance, with less qualified workers
being assigned to routine production assignments.
Movement between the two classes is rare.

Policy makers in such countries have indicated serious
concerns about their ability to transfer new product and
process technologies from the research and development
laboratory to manufacturing status. Further, technology
transfer is clearly impeded by communications and
perception problems between the two classes of industrial
managers and engineers. The overall poor manufacturing
performance of companies with such rigid class
distinctions has materially affected their competitive
position in the world.

Many large Japanese companies, in contrast, have
concentrated on manufacturing as their core competence.
These companies also hire new university graduates on the
basis of educational background, but regardless of back-
ground often expect them to serve an extended tour of duty
in manufacturing operations before moving to more special-
ized functions. As a result, managers and enginecers share
a common perspective of the importance of manufacturing
considerations in every aspect of company activities,
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facilitating the transfer of products from engineering and
design into production and emphasizing manufacturing
requirements in every phase of product life.

In addition, several Japanese companies have formed
manufacturing research laboratories. Their function is to
develop manufacturing technology the same way that product
and process research develops technology for future
businesses. These laboratories have attracted some of the
most productive of the company’s technical contributors.

The informal structures of U.S. manufacturing com-
panies tend to lic between the European rigid speciali-
zation and the Japanese common culture models. Some
leading U.S. firms have recognized the need to improve the
role of manufacturing in their businesses if they are to
compete with world-class rivals, and several firms have
created manufacturing research laboratories. Manu-
facturing must be seen as an attractive career for some of
the brightest, most aggressive managers and engineers, on
a par with other vocations within the company. Failure to
achieve this change may lead to our suffering the symptoms
of the European class distinction problem.

Management Attitude

Leading U.S. firms have now realized the need to make
fundamental changes in manufacturing status, investment,
technology, and quality; however, many corporate managers
are not yet aware of the scope or urgency of needed
changes. Failure to understand the need for change is
particularly strong in the defense electronics manufac-
turing industry, where the threat of foreign competition
has been missing. - Pressure for short-term financial
results, inertia, and preoccupation with other facets
of the business all divert attention from the need for
continuous improvement in manufacturing performance.

The increasing strength of foreign firms in defense
markets must not be underestimated, however. Countries
that have achieved leadership by designing and manufactur-
ing other electronic products will soon turn to military
hardware in an effort to expand available market oppor-
tunities. Even Japan has begun slowly to change its
historical disregard of military products to plan for
long-term growth of its armaments supply capability, to
meet both internal and export market needs.

Contrary to common perception, the level of technology
now employed in consumer electronics products such as
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videotape recorders, cam-corders, personal computers, and
digital audio systems compares favorably with the general
level of electronics technology seen in military equip-
ment. In fact, long system-development cycles and lengthy
component qualification procedures have meant that the
technology available in deployed U.S. military electronics
systems lags well behind that available in commercial
systems and consumer products. The point was documented
in the ecarlier report of the Committee on Electronics
Automation.

DOD must take the lead in encouraging the management
of its electronics hardware suppliers to understand the
need for world-class flexible manufacturing and to invest
in and change their company operations accordingly. With-
in the United States are companies that have successfully
used techniques for changing traditional electronics
assembly manufacturing. Among these techniques are
just-in-time manufacturing, statistical process control,
simulation, and well-thought-out approaches to factory
setup and design, scheduling, and the flexible factory.
Use of these techniques should be a criterion in the award
of production contracts.

Nature of the Department of Defense Business

The depressed status of manufacturing in U.S.
companies is currently mirrored by the low emphasis given
to manufacturing process development by the Department of
Defense. Requirements for U.S. defense electronic systems
tend to emphasize high performance, high reliability, and
high-technology product content.

With few exceptions (such as artillery and mortar,
proximity, and electronic time fuzes), the volume require-
ments for defense electronics are modest by the standards
of commodity electronics manufacturing. As a result, DOD
procurement practices emphasize good development engi-
neering practice, but are not well suited to developing
strong manufacturing competence. Cost accounting, unique
technology, and special reliability procedures have forced
much of this country’s defense electronics manufacturing
activity into isolated job shops. Lessons learned from
commercial activities under way in the same company are
slow to be applied to military product production.

Development of truly efficient, flexible electronics
manufacturing automation for defense products will proceed
slowly until defense production can be efficiently
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combined with manufacturing of similar, high-volume commer-
cial hardware to create a critical mass for development of
efficient manufacturing technology and effective use of
lessons learned from marketplace competition in other
products. Further, military production contracts should
provide incentives for good manufacturing practices, in
addition to the traditional focus on engineering

practice. By requiring the use of statistical process
control in some contracts, DOD has begun to provide such
incentives.

Civil Technology Focus

In the past 25 years, many--if not most--of the
world’s electronics technology developments have been
commercially driven; the competitive requirements of the
consumer, computer, industrial, and instrumentation
markets have provided incentive and direction. Leadership
in the industries that support electronics assembly--
suppliers of materials, fabrication equipment, components,
and piece parts--has tended to go to countries whose
manufacturers are volume leaders. The U.S. capabilities
in both volume electronics hardware manufacturing and its
supporting industries have lost ground to manufacturing
competence abroad, especially Japanese companies.

In many electronics manufacturing areas, it is
becoming difficult to find competitive U.S. sources of
supply for commodity components, semiconductors, materials
such as ceramics, and high-volume manufacturing equipment
such as pick-and-place machines for printed circuit board
assembly. The U.S. infrastructure of the 1950s and 1960s
has been replaced by a worldwide supply base.

Offshore supply for some common, multiple-source
commodity materials is not likely to be a strategic
problem. Reliance on foreign producers of manufacturing
equipment, however, could place U.S. military electronics
manufacturers seeking to automate at a disadvantage
compared to nonnative commercial electronics assemblers
working closely with their counterparts in manufacturing
equipment.

Soft Versus Hard Technology

U.S. observers of Japanese electronics manufacturing
technology frequently comment that Japanese factories seem
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less modern than their U.S. counterparts, use similar
manufacturing processes, and yet produce products that

exceed U.S. equivalents in many respects: lower cost,
higher quality, and higher reliability are often
mentioned. Furthermore, discussions with Japanese line

engineers reveal levels of knowledge of manufacturing
process detail uncommon in U.S. plants.

If electronics factories have comparable hard
manufacturing technology (plant facilities, processes, and
equipment), yet one substantially outperforms the other,
the difference must lie in soft technology--the manner in
which the equipment, facility, and process are managed.
Much of the concern about U.S. manufacturing performance
comes from our inability to master the relevant analyti-
cal, engineering, and management procedures. Soft tech-
nology is not covered in formal engineering curricula in
colleges and universities, nor is it well treated in the
literature. It appears to come out of a strong drive to
master all aspects of manufacturing using all the tools at
hand, and to push continually for incremental improvement
in performance.

Leading U.S. companies have begun training manufac-
turing personnel to use analytical and statistical tools
in mastering the level of detail required for competitive
soft technology. However, the average competence in soft
manufacturing technology in this country still substan-
tially lags the Japanese competition.

Thorough understanding and optimization of manufac-
turing line operations is just as important in factory
automation as the selection and installation of the
equipment. Electronics factory automation must begin
with manufacturing simplification and then proceed to
selection of automated process technology and, finally, to
integration of overall factory operations. This Panel is
aware of numerous examples where the first step in the
process--simplification--was overlooked in the rush to
automate. The result is the proverbial factory that makes
the same production errors as it did with manual methods,
but at a much higher rate--and substantially higher
capital cost.

Electronics manufacturing automation, to succeed, must
begin with complete understanding of the nonautomated
process and its optimization (the soft technology); only
then should sophisticated, hard technology be applied.
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U.S. Vertical Disintegration

Unlike the case in Japan, the U.S. electronics
industry is not based on large, vertically organized
enterprises. It is common in Japan to find elements of
the same large company group supplying materials and
fabrication equipment to internal users who manufacture
electronic assemblies for use in systems made and sold by
still other group members. The U.S. industry, in con-
trast, consists of a multitude of unrelated firms acting

independently. Many of these firms, even in critical
supply areas, can be quite small and are frequently new
ventures.

Smallness has advantages: small companies may be fast
at getting products to the marketplace and tend to attract
highly motivated personnel. However, small firms fre-
quently lack the resources needed to see major equipment
or process developments to completion. They also may
have difficulty developing the close relationships with
customers necessary to understand user needs completely.

The weakest link in the industrial chain that supports
the U.S. capability in electronics assembly manufacturing
involves suppliers of automated manufacturing equipment.
This weakness includes both the inability of critical
small suppliers to sustain their competitive positions
over the long haul and communications difficulties between
manufacturers and equipment suppliers.

The Department of Defense can help alleviate these
weaknesses by encouraging team arrangements in the
production phase of DOD electronics hardware, to provide
the vertical structure missing from the U.S. industry.
The objective of such teaming arrangements would be both
to improve vertical communications and to sustain smaller
firms in completing costly development efforts.

Strategic Partnerships

Partnerships formed by electronics manufacturing
companies to achieve common strategic goals are a
comparatively new aspect of corporate strategies. Many
firms, particularly smaller ones, have discovered that the
competence or investment required to develop or expand
their electronics businesses exceeds their resources. As
electronics technology continues to grow more complex,
even large corporations are realizing that important
aspects of their business operations require outside help,
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generally in the form of strategic partnerships with
companies such as suppliers, customers, or, increasingly,
competitors. The form of these relationships ranges from
simple purchasing and marketing agreements to elaborate
industry consortia such as the Microelectronics and
Computer Technology Corporation (MCC) and the National
Center for Manufacturing Sciences.

Within the generally adversarial tradition of U.S.
business practice, management of such strategic partner-
ships to the long-term benefit of all parties requires
unusual skill. Inexperience at partnership management
has led to the failure of many otherwise well-conceived
alliances to advance electronics manufacturing.

The Department of Defense, by encouraging team
approaches to large systems and technology development
contracts, has helped establish the partnership ethic
among systems suppliers. Similar encouragement in
electronics manufacturing procurement may help further
develop partnership skills among electronics manufacturing
companies.

Experience with successful partnerships might bridge
some of the gaps in the vertically disintegrated U.S.
electronics industry. Such an outcome would make up for
some of the advantages available to countries having
highly integrated electronics industries. The recent
establishment of Engineering Research Centers, the
National Center for Manufacturing Sciences, and Sematech
are hopeful signs that U.S. industry, universities, and
government are becoming progressively more able to form
partnerships and consortia.

Technical Skills

The United States continues to be preeminent in many
fields of science and technology. Our basic research con-
tinues to lead the world in many areas, and our university
educational system, particularly at the graduate level,
ranks as the world’s best. The number and quality of
foreign students seeking admission to U.S. science and
engineering curricula is but one indicator of the regard
with which the rest of the world holds our general
competence in science and technology. In addition, US.
corporations are highly regarded for their continuing tech-
nical leadership in many fields, including electronics.

U.S. engineering education is especially strong in
electrical and computer engineering, particularly in
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fields relating to computer technology: computer applica-
tions, software, and systems engineering skills are areas
of strength in depth.

Translation of this overall leadership in science and
technology into industrial leadership in automated elec-
tronics manufacturing is a different kind of problem. Our
ability to educate research and development engineers
exceeds our ability to train manufacturing engineers and
support technicians in a number of critical fields. This
is a problem both in the educational system and in company
indoctrination and continuing education programs.

Substantial improvement is needed in training pro-
fessional managers for manufacturing assignments and in
attracting some of the best university students to manu-
facturing careers. Raising the status of manufacturing
professionals within firms would help solve this problem.
Both engineering and business school curricula must also
be examined, however, to determine how best to meet
occupational needs in manufacturing.

One specific problem lies in the weakness of U.S.
engineering and technician education in the mechanical
skills needed for precision mechanics and manufacturing
automation engineering. Recent US. concern has focused
on the relative imbalance in numbers of electrical
engineers and technicians produced by this country and
Japan. Although little attention has been paid to
relative numbers of graduates in mechanical engineering,
the problem is of a similar magnitude, as shown in the
1985 data below.

Table 3-1. ENGINEERING DEGREES GRANTED AS A PERCENTAGE
OF TOTAL FIRST DEGREES GRANTED BY COLLEGES AND

UNIVERSITIES
Japan United States
All engineering 19.13% 7.85%
Electrical engineering 5.58% 2.20%
Mechanical engineering 4.11% 1.70%

SOURCE: National Science Foundation
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One consequence of U.S. weakness in mechanics is a
related weakness in mechatronics, or computer-controlled
mechanisms. This field requires simultaneous under-
standing of computer science and mechanics. The United
States is strong in the former but not the latter. An
almost systematic neglect of mechanical design has hurt
the country’s ability to develop and use mechatronics.

Despite emphasis in this new discipline in countries
that compete with the United States, no U.S. engineering
schools have established curricula leading to degrees in
mechatronics. In Japan, for example, 20 to 25 wuniver-
sities grant degrees (including Ph.D.s) in precision
engineering or related fields, which are essentially
mechatronics. As a result, a number of U.S. electronics
companies now rely on offshore engineering skills to make
up for the inability to hire U.S. engineers in these
areas. Other traditionally low-technology facets of the
electronics industry, such as packaging, generally do not
receive emphasis either.

The shortage of educated manufacturing personnel in
the United States extends to the factory floor. Not only
is manufacturing engineering talent more readily available
in Japan, but so are low-cost factory workers who are able
to do increasingly complex production jobs reliably and
well. To compete with low-cost, high-quality labor, the
U.S. manufacturing sector will need a major education
effort at all levels.

Language Skills

Other countries, as they were rising to challenge U.S.
leadership in electronics, relied heavily on the open
technical literature available from U.S. sources in the
English language. Most educated electronics professionals
abroad are trained in English, if only at the reading
level, so as to be able to read the international
literature.

As non-English speaking countries, particularly those
in Asia, become leaders in electronics, however, we will
be unable to reciprocate in our awareness of their
technical publications since our technical staffs lack the
necessary language skills. Yet the emphasis placed by
U.S. schools on study of languages having sizable
technical literatures has been steadily decreasing.

Reliance on document translation is a poor substitute
for staff language competence, since the delays inherent
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in obtaining a good translation and the loss of context
significantly lessen overall understanding.

CONCLUSION

An effective U.S. response to the rapidly changing
world competitive situation in electronics assembly auto-
mation requires more than a strictly technical approach to
the problem. Issues addressed in this chapter are matters
of policy and management of our national manufacturing
capability, not isolated technological developments. Many
of these issues form part of the culture of the enter-
prises that make up the electronics manufacturing base in
this country. Success at adopting modern electronics
automation technology will depend in part on the ability
to change our industrial manufacturing culture.

With the development of strong international competi-
tion in consumer electronics, manufacturing technology has
become an important factor in establishing world electron-
ics dominance. U.S. consumer electronics manufacturers
have been notably unsuccessful at meeting Asian chal-
lenges, partly because of their inability to master the
manufacturing aspects of their businesses. Companies’
inability to adapt their cultures to meet new competitive
manufacturing standards has caused the loss of much of the
U.S. consumer electronics industry to offshore suppliers.

The Department of Defense’s action plan for enhancing
the U.S. eclectronics manufacturing base must include steps
to encourage development of a competitive manufacturing
climate, as well as addressing the specific technical
issues identified in subsequent chapters of this report.
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As the Panel looked further into the 30 key techno-
logical applications identified in Figure 1-3, six groups
emerged as focal points as the defense community works to-
ward the factory for automated production of electronics
assemblies shown in Figure 1-1. These six technologies
account for 20 of the 30 applications, as follows (in
numerical order):

Design Automation Tools (1, 2, 3, 4)

Modeling and Simulation (14, 15, 16, 17)

Process Control (18, 19, 20)

Electronic Packaging and Interconnection (21)
Automation Equipment Technologies (22, 23, 24)
Factory System Integration (25, 26, 27, 28, 29)

The six technologies account for all of the 30 appli-
cations that had a criticality index of 8 or greater,
plus some related technological applications that scored
lower. The 10 applications not included fall into two
categories. The first, applications 5 through 13, is
information handling and processing technologies in which
the United States has both a comfortable lead and more
technology available than has been applied; further,
these technologies are not as important to the production
of state-of-the-art electronic assemblies as some of the
other technologies. The second, application 30, is human
factors. Human factors are fundamental to overcoming the
barriers to technological applications, as described in
Chapter 3, but they are not a technology as such.

The Panel analyzed the six key technologies in
detail. That analysis forms the remainder of this chap-
ter. The technologies are presented in order of relative
importance, as indicated by the criticality index and the
Panel’s judgment. The order is:

38
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Process Control

Automation Equipment Technologies

Factory System Integration

Modeling and Simulation

Design Automation Tools

Electronic Packaging and Interconnect Technology

Placement near the bottom of this list does not mean
that the technology is not important. All of these
technologies were found to be critical to the defense
community, outranking many technologies that are not
listed here. For each of the six technologies, we give:

Definition

Importance

U.S. Position

Barriers

Opportunities

Implications for the Defense Community

PROCESS CONTROL
Definition

Process control in a manufacturing environment con-
sists of the management of individual fabrication steps
to assure consistent, controllable results within process
specifications and tolerances. Process control includes
both the monitoring of process results and the process
adjustment to bring out-of-tolerance processes back under
control. In many process control activities statistical
methods play an important role in simplifying complex
control problems.

Process control procedures regulate measurable pro-
cess parameters according to established criteria, often
including (1) process average, (2) upper and lower con-
trol limits, and (3) upper and lower process stop limits.

Importance of Process Control

‘Control of each process step, and in particular
automatic process control in real time, is essential to
automating manufacturing processes. The rate of produc-
tion of automated factories is too high to allow waiting
for product test and evaluation to be completed before
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making in-line process adjustments. The amount of scrap
produced between the time the process goes out of its
limits and corrective action is taken is simply uneco-
nomical. In addition, close control of individual steps
in complex product fabrication sequences is crucial to
achieving acceptable overall product yields.

Rigorous process control discipline carries with it
numerous collateral benefits:

e assurance that ecach manufacturing process step
achieves desired results, consistent with design
parameters;

e assurance of quality and consistency in both
design and production of the product;

e application to both high- and low-volume pro-
duction;

o speedy diagnosis of line problems with minimum
production disruption;

o ecffective manufacturing cost control;

@ process history for future field failure analysis;

e minimization of product rework;

o lead indicator for new process and equipment
needs; and

e facilitation of communication between engineering
and manufacturing.

U.S. Position in Process Control

Questionnaire respondents said, and the Panel agreed,
that U.S. electronics assembly manufacturers lagged their
Japanese counterparts by approximately three years. This
statistic conceals wide variation. While leading U.S.
companies are as good as other world leaders at process
control, there are very few of them. The vast majority
of U.S. electronics companies are four to five years
behind in the practice of manufacturing process control. ‘

The status of process control technology in specific
work centers in the U.S. electronics industry is shown in
Table 4-1.

Barriers to Use of Process Control
Questionnaire respondents gave automated statistical

process control a technical barrier rating of 2.6 and a
nontechnical barrier rating of 3.0, on a scale of 4.0
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Table 4-1. AVAILABILITY OF PROCESS CONTROL

Availability of

Work Center Automated Process Control

Fabrication/Machine Shop available

Printed Circuit Fabrication available

Printed Circuit Assembly limited

Subassembly none

Wire Wrap none

Cabling none

Final Assembly none

Test limited
Microelectronics limited

(40 = most difficult). The major barriers to effective
manufacturing process control are cultural, though more
technical work is also needed. The barriers follow:

e Most managers believe that they already exert good
control over production processes, but they rarely do.

To many,

control means the ability to find and correct

faulty products rather than faulty processes. Failure to

understand

the full payoff possible has limited the

management commitment and motivation to see installation
of a rigorous process control discipline.

e While
in manufacturing process control falls well

competent

the number of U.S. technical personnel

short of current needs, the technical training needed for
existing factory staffs to exert good process control is

not difficult

to provide. Courses and consulting help

are widely available and not time-consuming in relation
to benefits to be realized.

e The number and variety of process steps incor-
porated in an electronics assembly factory demand that a
variety of process control methods and data collection
tasks be mastered. The exact nature of these tasks
varies with the particular fabrication sequence.

e Sensors are the greatest technical barrier to
automated process control. For many electronics assembly
steps, devices capable of automatically sensing in-line
process results have not been developed. Although
specific computer applications hardware and software are
not currently available for real-time statistical process

control of

interacting processes, U.S. computer and
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control expertise is more than sufficient to handle such
data, once sensed. Development of in-line monitoring
instrumentation and of control algorithms for optimizing
specific processes will reduce the technical barriers.

e Control of a process requires thorough under-
standing of all factors affecting process results. Each
process requires the investment of time and attention to
master the level of detail needed to control it. The
costs of doing this are high.

Opportunities to Benefit from Process Control

The potential benefits of good factory process
control, which have been proven in practice, really are
manifestations of good management practice. The benefits
are:

e improved product quality and reliability at lower
cost,

e shortened manufacturing cycle times,

e products that function as they are designed to
function, .

e lower total life-cycle costs,

e minimum field failure rates, and

e scrap minimization.

Implications for the Defense Community

The technical barriers to automated control of
processes in electronics assembly factories are minor
compared to the gap between technical knowledge and
manufacturing practice. The challenge for the U.S.
electronics manufacturing community is to tackle the
management concerns that are preventing process control
from being more widely used.

The Department of Defense has already taken an
important step in that direction by highlighting the use
of statistical process control (SPC) in its manufacturing
requirements, but that is still a relatively weak
incentive. Japanese firms that lead in the use of SPC
will soon be competitors of U.S. defense contractors;
that alone should be a strong incentive to speed U.S.
utilization of these methods.
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AUTOMATION EQUIPMENT TECHNOLOGIES
Definition

Automation equipment technologies comprise the group
of technologies necessary to produce the equipment used
in the manufacturing process. They include automated
tools, robots, and flexible manufacturing equipment
(e.g., automated warechouses, automated guided vehicles).

Importance of Automation Equipment Technologies

Automation equipment technologies are essential to
factory automation for (1) fabrication, (2) assembly, and
(3) testing of products and processes. Of the five basic
components of the automated factory--machining centers,
robots, automated guided vehicles, automated warechouse,
and main computer center--these technologies affect the
first four. :

Proficiency in automation equipment technologies al-
lows manufacturers to achieve generally higher quality at
lower cost. Higher reliability and reduced downtime of
the production line also depend on these technologies.
In addition, design for manufacturability requires
expertise in automation equipment technologies.

U.S. Position in Automation Equipment Technologies

The consensus of questionnaire respondents and the
Panel is that the United States generally lags in
automation equipment technologies by 2.5 to 5 years. The
country has a strong position in the software and
computer hardware components of these tools; the lag is
primarily in the mechatronics (i.e., the technology of
computer-controlled mechanical devices) aspect of the
technologies and precision engineering.

While the fields of mechatronics and precision
engineering overlap to a large degree, the computer-con-
trolled mechanism of mechatronics might be high precision
(as in cam-corders or high-speed printers) or it might
not" be (as in automotive applications). Precision
engineering, while it often involves computer controls,
might not (as in precision optics or metrology).

In the areas where these fields overlap, which are so
important to automation, the United States has cause for
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concern. The US. academic position in mechanical engi-
neering is relatively weak, as described in the previous
chapter. Further, although a number of Japanese universi-
ties grant advanced degrees in precision engineering, the
U.S. academic community has yet to recognize precision
enginecering as a university department, and researchers
in this field generally have a low academic standing.

Barriers to Automation Equipment Technologies

The questionnaire respondents rated the barriers to
automation equipment technologies as insignificant
(technical difficulty = 1.2; nontechnical difficulty =
1.5) because the technologies are available: U.S. compa-
nies are buying Japan’s technology. Yet the barriers to
widespread use of automation equipment technologies in
the United States are significant, especially in the lack
of available know-how, the cost of experimenting with the
technologies, and the lack of common interfaces.

The development of know-how is hampered by the
relatively unstable work force of a typical U.S. company
compared with its Japanese counterpart. In Japan, life-
time employment guarantees that training manufacturing
enginecers in advanced proprietary automation technologies
is not only a good investment but a safe ome. This has
allowed Japan to form manufacturing research centers that
all major companies support; these centers coexist with
the more traditional general research centers, which are
also well established in the United States as components
of all major high-technology companies.

The lack of know-how (technical and managerial) is
exacerbated by the lack of trained manpower and by the
increasing tendency to use overseas facilities and
manufacturing plants. This trend, in turn, contributes
to increased know-how in these countries and not in the
United States; as a consequence, the introduction of new

products is delayed. Lack of cost-effective robotics
hardware is a problem, especially for low-volume
production.

The cost of experimentation with the technologies is
a barrier that cannot easily be overcome. Consortia of
companies, or of companies and government, could help
support the effort required, but they are not -easily
established in this country. As noted in Chapter 3, the
isolation of U.S. companies from each other (no vertical
integration between machine builders and machine users)
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is a serious barrier, and small machine tool builders are
risking the company each time they plan to introduce a
new product. Furthermore, the inability of companies to
form strategic partnerships that benefit both sides is
inhibiting the use of consortia to overcome the lack of
vertical integration.

Research is needed in the areas of three-dimensional
modeling, design-manufacturing interface standards devel-
opment, robot-hand development, reel-to-reel flexible
circuit assembly and test, specific automotive testing,
flexible material handling systems, and data-driven
inspection.

Opportunities to Benefit from
Automation Equipment Technologies

Progress in automation equipment technologies would
permit direct dynamic reconfiguration of the manufactur-
ing line by the design tools themselves in real time.

The formation of cooperative research and development
arrangements would benefit all participants while making
these technologies cost effective for each company.

Implications for the Defense Community

The United States already depends on foreign sources
for developing key automation equipment technologies;
this dependence can only be expected to increase. There
is, nonetheless, an opportunity to support R&D in these
technologies, which are critical in many aspects of
weapon development as well as for automated manufacturing
tools. Precision engineering and mechatronics, if prop-
erly supported, could accelerate not only manufacturing
technology but also the development of new products for
the national defense. Strong emphasis in these areas,
coupled with U.S. strength in computer tools for design,
could change us from laggards to leaders. A historical
parallel is the U.S. work on’' missile hardware in the
1960s; although behind the Soviets, the United States
achieved the know-how which, coupled with existing
strength in computers, led to leadership in the space
race.

The country’s vanishing infrastructure in precision
engineering and mechanics makes automated equipment
technologies an important area in which to act quickly.
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INTEGRATION OF THE TOTAL FACTORY SYSTEM
Definition

Total factory integration is the technology of bring-
ing together all eclements of the automated electronics
factory. Integration requires all system design and
consolidation skills necessary to incorporate the product
design, fabrication, factory management, and test opera-
tions necessary to establish a complete manufacturing
entity.

Elements of total system integration include:

o closed-loop automation of manufacturing processes,
including fabrication, in-line test, and process control;

e communications capability to link and control
individual process centers within the overall factory
system,

e incorporation of a central data base/library/
control capability, with distributed control as
appropriate;

e in-process evaluation and built-in product test,
together with statistical process control methods, which
eliminate the need for 100 percent inspection yet assure
zero defects;

e the ability to accommodate a heterogeneous array
of hardware and software; and

e ecstablishment of the overall control strategies
for management of the complete factory.

Importance of Total System Integration

Whereas the other key technologies discussed in this
section relate to particular phases of product design,
manufacturing, or factory management, total system
integration refers to the skills needed to bring all
the pieces into a consistent, interoperating whole.
Automated production of affordable, functionally superior
electronic assemblies requires total system integration.

Factory automation has been proceeding through sev-
eral phases in sequence, beginning with manual methods,
moving to development of individual pieces of automated
equipment, next to isolated islands of automation, and
finally achieving a fully linked system. The benefits of
the final goal--the fully linked, seamless production
system--include true factory flexibility, improved
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consistency and quality, shorter manufacturing cycle
times, and, ultimately, lower cost.

Questionnaire respondents rated total factory
integration third of the technologies most critical for
automated electronics assembly manufacturing. They fur-
ther indicated that data networking is a key ingredient
in successful integration.

U.S. Position in Total System Integration

The United States and Japan appear to share world
leadership in total system integration. The question-
naire respondents’ average estimation of U.S. leadership
at 04 year is so short as to be meaningless. Large
Japanese manufacturers of automobiles and semiconductors
were cited as leaders in total system integration.

The current state of factory system integration
extends to islands of automation with limited control
linking. Ability to fully configure individual processes
remotely, a necessity for fully flexible electronics
assembly automation, has not yet been demonstrated.

Several leaders in computer systems (e.g., IBM and
DEC) are currently competing to determine industry stan-
dards for factory system interconnection and control. In
addition, efforts to establish factory data communication
standards, led by a number of large manufacturers, are
under way. Japan is already moving toward complementary
vendor standards on a national scale.

Barriers to Total System Integration

While many of the technical problems of factory
integration remain to be solved, both questionnaire
respondents and the Panel felt these are not as difficult
as the problems of time, cost, and management commitment.
In fact, as a result of competing approaches now being
taken, the probability of technical success is high.
Whether senior company management is willing and able to
commit to the lengthy, expensive process of total factory
integration during times of financial stress, however,
remains to be seen.

The competing approaches are a problem as well as an
advantage. Each of the various vendors (of factory inte-
gration systems, hardware, and software) has adopted a
different systems approach, and this proliferation makes
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it difficult for the factory integrator to commit to a
single system with the assurance that it will prevail.
Individual manufacturing machines have differing control
and data architectures, and existing interface and data
base standards are inadequate to enable companies to
integrate diverse systems.

Total factory automation cannot be addressed on a
small scale. It is a complex, expensive, cross-disci-
plinary process that involves the entire factory entity.
The technology does not lend itself to prototyping, as
scaling problems can be substantial. Furthermore, even
experimental use of such a costly technology must be
justified on a return-on-investment basis. The costs of
setting up and keeping data networks current are high.
Furthermore, there remains realistic skepticism that the
predicted benefits of total factory integration can be re-
alized. Management, therefore, has difficulty addressing
the issue.

The field is not without technical barriers. Al-
though the science of distributed process integration is
only beginning, Japanese companies have the advantage
because of just-in-time and preferred vendor programs.
Research is needed in total network simulation, network
performance measurement, communication systems for cen-
tral data bases, high-speed interfaces, vision detection
systems, token passing systems, switched network systems,
and data base communication interfaces.

Opportunities to Benefit from
Total System Integration

Further development of total factory system integra-
tion within the U.S. defense electronics manufacturing
community can provide a number of important advantages:

e the ability to design, develop, and produce
variations of electronic equipment hardware quickly to
respond to new threats or sources of competition;

e the ability to produce DOD systems with a variety
of different operating characteristics, thereby
complicating the enemy’s countermeasures problems;

e reduction of production costs for the low-volume
products characteristic of many military hardware
products while achieving higher quality and field
reliability;
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e increased demand for domestic supplies of factory
automation equipment, stimulating the U.S. equipment
industry’s support for non-DOD needs and reducing
dependence on foreign suppliers;

e motivation of the U.S. defense community to
stretch toward automated production; and

e the possibility of building on existing U.S.
strengths in systems, systems integration, computers, and
software, as well as military systems.

Implications for the Defense Community

The Department of Defense could help overcome the
identified technical - barriers to total system integration
by:

e encouraging the establishment of factory integra-
tion interface standards,

e helping to bring equipment vendors and factory
operators together,

e ecncouraging training of technical experts in this
cross-disciplinary area, and

e encouraging meaningful demonstrations of the
benefits of total factory integration.

The current U.S./Japanese parity provides an
opportunity to benefit from efforts in this area. One
such possibility is to construct, in a DOD-controlled
environment, a large experimental facility to demonstrate
the state of the art of electronics assembly factory
automation, to establish its benefits, and to speed devel-
opment in areas impeding progress. Such an operation
would make available, to the defense and other domestic
electronics manufacturing communities, real-world
experience in integrating factory operations, provide
leverage from a single, large investment, and provide
focus for small suppliers of equipment and materials.

MODELING AND SIMULATION
Definitions
Modeling: Technology of constructing computational

representations (models) of electronic product and
manufacturing process performance.
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Simulation: Use of models in design automation tools
to couple the designer’s work to expected product
performance, manufacturing process results, and product
test and verification.

Factory modeling: Use of models representing work
flow, throughput, line balance, control of process
variables, statistical control estimation, tolerance
estimates.

Product modeling: Use of models representing
performance, yield, cost, design verification, validation
of software.

Importance of Modeling and Simulation

The twin technologies of modeling and simulation are
the essential links between product and process design
activities and real world factory results. Realistic and
accurate modeling and simulation capability drastically
shortens design cycle times and reduces designer errors
by allowing prediction of product characteristics, in
turn reducing the need for long prototyping and charac-
terization experiments. Such capability is essential to
integrating design and manufacturing activities in elec-
tronics factories. Modeling and simulation techniques
facilitate engineering changes in existing products and
processes, thus reducing line disruption.

U.S. Position in Modeling and Simulation

The United States currently enjoys a modest lead
(estimated to be approximately two years) in modeling and
simulation. However, Japanese electronics manufacturers
are emphasizing modeling and simulation methods as impor-
tant clements of their future manufacturing strategy.
Germany and France are also starting to close the
technology gap in this field. Since the technology--
modeling and simulation of electronics products and
manufacturing processes--is still in its infancy, the
slight U.S. lead is not decisive.

Barriers to Use of Modeling and Simulation

Both technical and nontechnical barriers to use
of modeling and simulation need to be overcome;
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questionnaire respondents rated them at 2.8 and 3.3
respectively. Specific barriers include:

® Modeling and simulation require attention to de-
tail and extensive on-line data; this area is frequently
misunderstood or ignored by management. Continual
attention and process characterization is essential.
Technological advances are needed to improve knowledge
representation and to permit interactive modeling and
simulation.

@ There is no standard solution to modeling and
simulation problems; models must be customized for each
factory situation. Useful models of specific tools and
processes are often not available and must be determined
in each case. Progress in modeling and simulation will
be limited by the availability of talent, the high costs,
and the long time needed to establish models.

e Several practical solutions are required for par-
allel processing algorithms for modeling and simulation
and for the development of data base methodologies for
design applications. Areas of needed research cited in
the questionnaires were: models of components developed
to standards by component vendors; simulation programs
with animated front ends and what-if capabilities;
real-time simulation and object-oriented environments;
mixed simulation products (analog and digital); expert
systems for time-critical functions to generate optimized
designs for performance; feature-based technology; vision
systems and three-dimensional modeling; time simulation
for fabrication; total factory simulation to improve effi-
ciency; artificial intelligence scheduling, simulation of
parts flow through plant; and simulation of tolerance
stack-ups from processes.

Oppaoartunities to Benefit from
Moadeling and Simulation

Better models and more widespread use of modeling and
simulation technology can reduce trial-and-error delays
in factory and product design and can speed overall
product engineering activities.
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Implications for the Defense Community

Modeling and simulation are crucial in flexible
manufacturing, where cycle time determines success, a
wide variety of products is the rule, and the volume of
each product is so small as to preclude dedicated
facilities and processes.

Japanese manufacturers are catching up; it is impor-
tant that the United States maintain its lead in this
technology. DOD can help strengthen the U.S. position
by:

e encouraging or requiring the use of modeling and
simulation techniques in its purchasing procedures; and

e supporting modeling and simulation research in
academe, government, and industry--particularly in the
mechanical area and for those processes where statistical
variations affect product yields.

DESIGN AUTOMATION TOOLS
Definition

Design automation tools are the computer-aided design
and manufacturing tools, both hardware and software,
applied to the design and improvement of products to be
produced. Examples include workstations, communication,
and mainframe hardware and software used in computer-
aided engineering for both analysis and design, often
incorporating design for manufacture and process design
rules.

Importance of Design Automation Tools

Questionnaire respondents and the Panel rated the
effective application of design automation tools to prod-
uct and manufacturing engineering as the single highest
technology on the essentiality scale. These tools are
essential because of their fundamental role in creating
and documenting products, in communicating product
information throughout the factory, and in serving as the
designer’s window into the factory. Design automation
tools are essential to successfully handling increasingly
complex electronic assemblies in a short product life
cycle/engineering change environment.
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U.S. Position in Design Automation Tools

The United States currently leads the world in the
development and use of design automation tool technology,
especially as applied to requirements, specifications,
and design. Nonetheless, the United States must extend
application of this technology to incorporate design for
manufacturability, test, and assembly engineering if it
is to maintain its lead. Questionnaire respondents rated
the US. lead as one to four years, except in assembly,
in which Japan now has--and is likely to maintain--the
lead. While large mainframe computer companies are
one source of U.S. strength in design automation tools,
most of the country’s competence derives from small
workstation companies who depend on U.S. leadership in
microprocessors and software.

Barriers to Use of Design Automation Tools

The major technical barrier to use of design
automation tools is uncertainty about which methods are
best for integrating design automation tools into an
automated eclectronics assembly factory. In particular,
the lack of software for integrated simulation and
analysis is a significant barrier to the achievement of
automated eclectronics manufacturing and test; this is
true for both production and product design. The
technical difficulty was rated 2.25 out of 4.0. The
tremendous efforts being applied, however, suggest that
technical success is likely.

Two cultural barriers (difficulty = 3.1) limit the
effectiveness with which engineers and factory
technicians use design automation tools and design for
manufacturability. The barriers are: (1) otherwise
experienced design and manufacturing engineers are not
trained in use of design automation tools, and newly
graduated engineers and technicians, while competent with
the tools themselves, have not learned the value of
design for manufacturability; (2) the need to link
product design with manufacturing operations using design
automation systems is not yet widely accepted.

‘Although individual workstations are not expensive,
design automation technology requires a large commitment
across whole projects--or even companies. It is not
helpful to invest in small amounts of integrated design
automation tools and manufacturing.
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Opportunities to Benefit from
Design Automation Tools

U.S. leadership in design automation tools provides a
tremendous opportunity to offset high engineering labor
costs by increasing engineering productivity and compen-
sating for shortcomings in other technological areas by
reducing design and manufacturing cycle times.

If U.S. electronics assemblers can effectively
integrate design automation tools into an overall product
development and manufacturing system, they will have
capabilities unmatched in the world. Both cost (of
development and of capital investment) and potential
payoff are high.

Implications for the Defense Community

Design automation tools is the only one of the
identified key technologies in which the United States
has a commanding lead. Because it is such an important
areca, maintaining design automation leadership should
enable the United States to offset some of its other
technological disadvantages. It is worthwhile, there-
fore, for the US. defense community to work to maintain
the competence of suppliers of design automation equip-
ment and software and to encourage sensible deployment of
these systems in electronics assembly manufacturing and
design operations. Possible strategies for accomplishing
some of this include judicious development of standards
and increased training for managers and technical staff.

ELECTRONIC PACKAGING AND
INTERCONNECT TECHNOLOGY

Definition

Electronic packaging and interconnect technology
encompasses the tools, techniques, and materials for
fabricating the second and third levels of interconnect
(the connections between devices on the chip itself being
the first level). This includes the fabrication of the
wiring substrate, the chip attachment techniques, chip
encapsulation techniques, and connector technology. (It
includes #21 from the matrix of Figure 1-3, but for
fabrication as well as assembly.)
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Examples of substrates include printed circuit
boards, advanced ceramic and silicon substrates, and
copper/polyimide systems. Attachment techniques are
surface mount, flip-chip, and tape automated bonding,
using solder reflow, thermocompression bonding, laser
bonding, and amalgams. Advanced encapsulation techniques
promise to allow reliable chip-on-board systems.

Importance of Packaging and Interconnect

It is the packaging and interconnect technology, rath-
er than the chip technology, that limits the performance
of modern high-speed digital systems. In the fastest com-
puters today, about half of the cycle time is the time of
flight of pulses between logic circuits. To go faster,
systems must be smaller, which requires higher-density
wiring and higher-capacity heat removal techniques. In
such systems, the fraction of cost allocated to the
packaging and interconnect technology will become a
larger part of the system cost.

Similarly, further improvements in system reliability
can be expected to come primarily from fewer and more
reliable interconnections rather than from reductions in
failures of the devices themselves.

U.S. Position in Packaging and Interconnect

The United States is generally a year or more behind
Japan in the development and use of surface mount equip-
ment. The Japanese also lead in tape-automated bonding
technology (TAB); both the NEC SX-2 supercomputer and the
Sony Watchman miniature television, for example, use this
technology. In fact, the Watchman actually uses TAB that
is more demanding than the SX-2.

While IBM enjoys a clear lead in flip-chip attachment
to multilevel ceramic substrates, this technology is not
generally available to others.

In the area of materials, the Japanese enjoy a clear
lead in ceramics.

Barriers to U;e of Packaging and Interconnect

The major barrier to use of packaging and intercon-
nect technology (difficulty = 1.0 out of 4.0) is the lack
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of accepted standards in the industry. These are needed
to give decision makers in this fragmented industry the
confidence that the product of an investment will remain
in the mainstream, and to justify the effort and invest-
ment needed for the additional research and development
to work out the process details and verify reliability
issues. :

Research is needed on reel-to-reel flexible circuit
assembly and test, development of manufacturing rating
systems for component mounting, improvements in solder
and solder joint reliability, and integration of surface
mount technology into workstation design rules leading to
total computer-integrated manufacturing.

Opportunities to Benefit from
Electronic Packaging and Interconnect

Advanced packaging and interconnect technology will
enable (and is necessary for) higher-performance, light-
er, smaller, and more reliable electronics systems to
be produced. The technology also offers the opportunity
to reduce manufacturing costs at the same time, as
individual operations such as wire bonding are replaced
by operations that attach a whole chip in one step, such
as TAB or flip-chip. Direct attachment of chips to
substrate will ecliminate both manufacturing steps and
failure points.

As the integrated circuits become more dense and com-
plex, requiring ever more input/output connections, the
dimensions of the attachments must shrink accordingly; at
some point the dimensions will preclude manual operation,
leaving no alternative to automated attachment.

Implications for the Defense Community

The defense community has the opportunity to influ-
ence the directions taken by these technologies for em-
bedding and interconnecting advanced integrated circuits
into systems. In doing so, it could ensure that these
techniques are developed in ways that are suited to de-
fense needs. At the same time, such support and guidance
would benefit the industry as a whole, strengthening it
as a supplier of defense equipment. On the other hand,
if DOD fails to involve itself in the directions these
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technologies take, it will risk not only incompatibili-

ties with defense needs but also dependence on foreign
sources for high-performance system technology.
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5 CONCLUSION

The United States, once preeminent in the development
and application of electronics assembly technology, no
longer leads in all sectors of the industry. The basis
for competitive success has shifted from low-volume,
high-performance systems to low-cost, high-quality
systems and the U.S. electronics industry has been losing
the competition. In effect, the technology for consumer
electronic products is no longer subordinate to that used
for defense. One result of this shift is that manufac-
turing technology, rather than product development, is
becoming much more important to determining leadership in
the electronics industry. While a few U.S. firms have
retained a lead in manufacturing technology, there is a
wide disparity between them and the smaller companies
that are more typical of the DOD supplier base.

The sponsor of the report asked the Panel to identify
the technologies that will be important to the defense
community over the next 5 to 10 years but to stop short
of recommending specific DOD actions. DOD, armed with
that knowledge, will be in a better position than the
Panel to select the appropriate response. In that
spirit, we offer the following observations on the
implications of the changing technology for the U.S.
defense community:

@ A strong civil manufacturing industry is an
excellent base from which to develop world leadership in
electronics. The Department of Defense, therefore,
should not be unconcerned by a world split in which the
Japanese dominate consumer electronics while the United
States dominates military electronics.

o The domestic electronics industry should not be
complacent in the expectation that it can continue to

58
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dominate the US. defense market. Japanese firms, among
others, are beginning to consider military electronic
systems as a source of continuing growth of market share.

o Despite the shift in technological leadership in
electronics, the United States has great technological
strengths on which it can build.

Of primary importance to electronics assembly in the
United States in the next 10 years will be three
technological areas:

e information handling and computer capability,

e process control, and process and equipment
technologies, and

e total system integration.

The United States has a comfortable lead in informa-
tion handling technology and computer capability. These
technologies are an important source of U.S. strength in
electronics assembly. In order to maintain this strength
and build on it, we recommend that it continue to be the
focus of major research efforts.

While leading in information handling, the U.S.
electronics industry has lost its leadership in process
control and in process and equipment technologies. These
areas will be crucial to the production of affordable,
functionally superior electronics assemblies. The
barriers to widespread use of these technologies are
managerial, not technical. We therefore recommend a
concerted effort to bring practice among defense
contractors up to the state of knowledge.

Total system integration is a technology in
transition. As companies around the world work toward
this goal, the apparent leaders change their relative
positions. At present, it is not possible to determine
whether Japan or the United States is in the lead.
Because of the huge potential benefits of total system
integration, and because of the complexity of the tech-
nical work needed to achieve it, we recommend that it be
the subject of a concerted, cooperative, national effort
via consortia.
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Appendix A

CURRENT AND FUTURE STATUS OF
KEY ELECTRONIC MANUFACTURING TECHNOLOGIES

STATUS TODAY WITHIN 5 YEARS WITHIN 10 YEARS
REQUIREMENTS AND SPECIFICATIONS
1. Design Automation Tools

Limited availability of labor-intensive
design automation tools. (Data base
software with limited capabilities.)
Tools available for certain applica-
tion-specific integrated circuits.
Present tools not very useful for link-
ing custormer to design. Requirements

and specifications not coded or indexed

to be easily retrievable.

Automated tools that generae design
specification available. Tools more
effective than today. improved data
bases reduce user ime requirements.
The manutacturer's facility acts as an
extension of customer's busingss.
Better indexing and classification of
specifications for automnatic retrieval.

7. Atificlal intelligence Tools (Various Forms)

Only a few expert systems in use for
requirements and specifications; these
are used to comvTwnicate specifications

betwean the manufacturer and customer,

and 1o optimize system configuration.
Artificial Intelligence (Al) not

extensively applied 1o requirements and
specifications.

Expert systarns for verifiability and
testability limited to systems
engineserng tools. Tools in place for
well understood problems. Integration
of requirements and specifications with
manufacturing process.

Product spedification to product
documentation automated. Natural
language interfaces available for
CAD/CAM. Tools link customer to
supplier. Full system simulations
available. Optical disk storage of
specifications with sophisticated
indaxing and retrieval available.

Expert systens for automaiic generation
of spadificaons. Systems with limit-
ed reasoning for product improvement.
Inference technology for ili-defined
problems. Integral past of work-
stations.
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Stand-alone tools avaliabie for
prototyping and for user interfaces to
larger systems. Modeling 1o00ls for
parformance simulation are good.
Existing systems functionally simulate
tacility operation. Tools tor modaling
printed wiring boards are limited
becausa requirerments and specifications
ara ill-definad. Present tocla inade~
quate for simulation of specification.

2. Design Automation Tools

Super-minicomputer capabilities at
workstations. Producibiiity, relia-
bility, testability issues not fully
addressed. Islands of automation.
Software design automation only
beginning. Little capability in
software simulation.

Tools available for validation of
requirements and specificaions.
Advances In Al aflow astomation of
process. integration of stand-slone
tools continues. Total prototyping
done by software simulation. Comymon
specificaions emarge for simulation
modeling.

DESIGN

Al software transports concepte trom
designer to engineer. Workstations ap-
proach mainframe capability. Extensive
hree-dimensional graphics capability.
Computer-aided design tied to manufac-
turing data base. Producibiity,
reliability, and testing issuses

increasingly addressed. Increesing
emphasis on subgroup tests and buil-in
test Lower—cost hardwere and
software, but complaxity Incraases.
System simulation available.

Tools available to model customer's use
of product. Tools using knowledge—
based software used to model production
process. All desiqns modeled prior to
production. Highly sophisticated
techniques needed. Cost analysis of
design decisions in common use.

Fully integrated capabillies available
{anajog/digital/mechanical/software).
Selt-healing and buih-in test

algorithms, Some automatic part
replacament during manufacture. Some
supercomputer capabilites, Test pro-
grams generated automatcafly. Massive
optical storage of data. Two debates
emerge: (1) Will workstations replace
central computers {and still quarantee
data base integrity and security)? (2)
Will Al be used extensively to generate
key alternatives?
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES

WITHIN 10 YEARS

(continued)
STATUS TODAY WITHIN 5 YEARS
5. Comp
Computer power well ahead of design Lower—cost, faster workstations.
applications. RISC and Very Large Massive mainframe capabiiity available
Scale Integration chips make extramaly without reentry. Pattern recognition
fast workstations. Machine-intensive capabilites. Speaker-dependent speech
speed still too siow for performance input. Direct communication to factory
and fault simulation and modeling. and other data bases. New languages
Software behind hardware. Standardiza- and algorthms neaded.
tion needed. Some linkage to factory
floor.
8. Artificlal Intelligence Tools (Various Forms)
Limited stand~alone, rule—checking, "Design advisers” available using
"design adviser” prototypes. Still conventional processors. Al assistance
have to "correct by construction.” for component selection, producibility,
Systerns so limited that true Al and selection of analysis and test.
capabilities not fully realized. Embedded natural language intertace

provides design documentaton from
specifications. Engineering works at
functional level. CAD synthesizes,
simulates, tests, and oplimzes

designs.

100-MIPS workstations and distributed
data processing comsmon. Speeker-
Independert speech syftarre amasge. Key
Issue is cormplete Intagration of
mamufacturing function. One-pass

design becoming convertional.

Knowledge sytarre guide engineers
throughout design cycle (analysis,
reliability, and eimulation). Best

syStarre are discipine-unique.
Multidiscipiine cognizance begins o
sppear, but muhidiscipline “reasoning”
not aveliable. Loop between design and
manufacturing closed (provides feedback
for heuristic leamning). Debats on

Al's role sharpens: “assixtam ©0°

versus “masiar designer.”
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Poor data base management interfaces.
Manual intervention cormsmon. Most are
hierarchical, with key indexes that are
distributed rather than relational.
(Relational data base management is
available but not being used.) Week
data integrity and security cormemon.
Good basic technology not consistantly
epplied. Data explosion exacerbates
problems. Distributed capability
beginning. Object-oriented DBMS
beginning.

Graphics deta basgs comymon. Size of
data bases requires that they be dis-
tributed, which causes data integrity
and security problems. More relatonal
data bases. Al (object-onented) data
base models emerge. Software not fully
integrated with Al systems. Manufac~
turing and test requirements in data
bases.

Electronic equipment modeling and
simulation available, but mechanical
systems not as advanced. Different
vendor standards for data storage;
thus, many components remodeled by
original equipment manufacturers.
Technologies emerging for prototyping
real-time software applications.

Initial modets of design-for-assambly
availabla. Many programa require ser-
vices of competent engineer 10 analy2e
data from program. No simulators that
mix analog and digital modes.

Mixed digital and analog simulation.
Whole system simulation of integsated
circuits with millions of gates.

Beter interaction of iming and func-
tonal simuiation using Al systame.
Certain domaing have 100 percent
modaeling, samulation, and prototyping.
Batter three-dimensional modeling
systerns available. Integrated produci-
bility and testability toola more
comyTon. Model accalerators Introduced.
Increasing recognition that modaling,
simulation, and prototyping greatly
reduce costs. First pass design
succass becoming comemon.

Data base machines have high perfor-
mance and high capacity. Peckaged
solutions allow mainframe 1o communi-

convered (o electonic data basee for
daesign, test, and manufacture.
Standard representations of software
design begin 10 develop based on
transportabie, object-oriented,
programiming languages. Debats over
central versus distibuted data bases.
Major issues are data consistancy,
integrity, and security.

Standards and vareiaton allow
component models to come from componem
manufacturers. Simulation ie more

fully integrated (chip/systany

software). Top-down systam simutation
begins to emerge, with “bodies of
knowledge® rather than data bases to
drive the design. Al systarre develop a
path from requirements and specifica-
tions 1o the prototype hardware and
software. Software maintenance accom-
plished via requirements changes. All
doasrertafion genwuisd a/Omaicaly.
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES

STATUS TODAY

(continued)
WITHIN 5 YEARS

WITHIN 10 YEARS

25. Data Networking and Security

Ethemet and Manufacturing Automation
Protocol (MAF) systems availabie. Many
systems not very robust. Good dedi-
cated local connectivity. Wide-area
access requires large computer
interfaces. Engineering workstations
networked. Few standards, Optical
standards emerging. Very few trans-
parent data access 100ls available,
though strong capabilities ere

available. A few firms link computer-
alded design for electronic design,
fabrication, assembly, and test at
multiple factories, globally.

100 megabits per second data ratss,
MAP/TOP (Technical Office Protocol)
standards accepted. Other standards
emerge. Interoperability stil a goal,
not an accomplishmerm. Level of
granularity refined. Closer coupling

between engineering and manufacturing.

Costs decline and network transperency
improves. Fiber optic networks
comemon. Distributed data tools
improve.

Standards allow rmultivendor Intarcon-
nection and better user interfaces.
Much work still needed to allow
interoperability. Tha impostance of
security finally understood. Full
broadband interconnecbbility
incorporated into local- and wide-area
networks, MAP, TOP, Open System
Interconnect, and ISDN. Increased
conformance and finer levels of
granularity with enhanced semantc
capabilities and more concise standards
not fully available. Communicating
computers the norm for new work-
stations.

EXTERNALLY ACQUIRED COMPONENTS

Problers essocisied with extomally acquired components

ere the most often cited among defense contractors today.

The Navy's "best Manufacturing Practices Survey” identifies numarous component-related problame—including

solderability, part age, and part marking--es widespread throug
quality control probierms pose serious bastien 1o the future factory.

hout the defenas electronics industry. These
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FABRICATION

Able to simulate specific processeas

with producibility rules; in some

cases, can simulate whole plants. Used
to fine-tune equipment and process
betore manufacturing. Many products
available for simulation today.

Software and hardware avallable for
most jobs, Including metal and chemical
processes. Automatic generation of
real-time design-to-cost feedback
systems. Producibility velidation
available.

18. Automated Statistical Process Control (Real Time)

Some operational systave being used,
but product and proceas specific.
Current systesve fimited by available
sensors and software. Limited real-
time systems, with off-line statistical
analysis.

Reaj-time data collecton and
distribution; closed-loop proces
control. Al and knowledge-based
Systems available for problem solving.
Applications paced by management
acceptance.

Equipment, including sensors and soft-
ware, available. Individual equipment
very flexible and programmabie, but not
easily linked. Systemns for large

volume production not cost effective

for small batches. Material handling
and processing tools most advanced.

Design data base-driven flexible
manufacturing systems (FMS) with
multiprocess automated toots, using
intelligent robotics and three—dimen-
sional space modeling for improved
sccuracy. Robots for small-batch
production just becoming available.

modeling intagratad with fabrication
systam and test data bases.

Statistical process control becomes
“part of* actual fabrication proceas.
Operation with no human intervention.
Systems supporied by computerss with
optical aTay procasans and ability 10
predict production performance for a
broad range of produc.

Industry standard equipment available,
which can be integrated through total
process control systare. Broad use of
FMS for low-volume producion, with
coopéerative robots and adaptive, distri-
buted controts. Off-lne programming
with astomated tool-to~-1ool logisdcs.
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES

STATUS TODAY

(continued)
WITHIN 5§ YEARS

WITHIN 10 YEARS

26. Dats Networking and Security

Limited local connectivity, using

existing standards. Interfaces between
Computer-aided design and fabrication
available, but no accepted high-level
design language. Most working systame
are company proprietary. A few MAP
networks are installed at 10 Mbps.

3. Desian Aytomation Tools

Program generators for automatic parts
piacement on printed wiring boards.
Setup/teardown time a barrier to
efficiency. Most manufecturing
requirements not linked to computer-
alded design.

Standard high-capacity data networks
available--10 to 20 Mbps. Factory
equipment will lag network capability.
Proliferation of communications
standards, particularly at interfaces

of computer-aided manufacturing to
management information systarre and to
test Local and some wide~-area network
capability.

ASSEMBLY

Design for manufacture integrated into
computer-alded design. Automated
product routing. Direct programming of
many assembly machines. Better
algorithms. Tighter process control.
Manutacturing-oriented data base
mansgement systarme.

Advanced distributed relational data
base technology available. Full
broadband Interconnectvity on both
local- and wide-area basis; tarwmis-
sion up to 100 Mbps, as required.

Optimized assambly. Reduced human
intarverion. More flexible machines.
Computer-alded design systarms consider
alternative processes and costs.
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Assembly schedule modeled. Work flow
rarely modeled. Stand-alone systare
used. Special training necasaary.
Animation available. Production
balancing and inventory management
cofmyon.

Al parmit dynamic scheduling systera.
Statistical process cotrol (ntegrated
more fully. Graphical reporting
Increasing. More Jdesign guideines in
workstations.

19. Automated Statistical Process Control (Real Time)

Continuous monitoring with mainframes
and personal computers. Most statst-
cal process control uses manual inputs.
Little testing during assembly. Vision
systems primitive. Improved ssnsors
neaded. Equipment actuators needed.

21. Component Mounting snd Connection

High-voiume applications (printed
wiring board, cabie, harnesa).
Automated equipment available for SMT
and PWB (top and bottom placement).
Sequencing, lead-forming, wire-wrap,
automatic wire-bonding control.
Pick-and-pack now available. Solder
inspection is problem.

Yield incesses via mix-and-match
assambly. Some noncritical visual
inspection automated. Al-coached
problem resohution.

SMT becomes assembly focus. 15-28 mi

spacing. Solder Inspection ramains as

problem. Some Oves~dTensional

assambly emerging. Smaler components
job. Lower volurme

app ns.

Discrute simulation language for
rea-time modeiing, which results in
major gains in processing efficency.
Toois easiar 10 use in design concep
stage.

Optical arrey processors integrate
statistical process control. Product
“aging” predicied. Design rules
consider visual inspecton systams.
Wide application ot Al. Data-driven
automated tools common.

SMT with 5-10 mil spacing. Flexible
substates common. Chip-on-board
technology comemon. Producibifity/
automation integrated Into design
process. Muhiple~chip moduler
packaging. Fewer “components.” New
interconnection lechniques required.
Lot size=1. Customizaton at final

test or point of sale.

Copyright © National Academy of Sciences. All rights reserved.
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES

STATUS TODAY

(continued)
WITHIN 5 YEARS

WITHIN 10 YEARS

Non-PWB epplications limited. (Narrow/
stand-alone.) Some vision. Some
autonomous motion. Individual machines
not linked directty. Limited robot
flexibility. Need communication

protocol standards. Need improved
accuracy. Some cable and hameas
assembly.

27. Data Networking snd Security

No Integrated strategy. Proprietary
solutiona. High costs for MAP/TOP.

Centers of autornation (e.g., printed
wiring boards, surface mount tachnol-
ogy) perform well, but are loosely
coupied. Standard epplication-level
intertaces missing between CAD and
CAM. (Manual extraction from CAD,
manual massage, manual entry to CAM.)
Lack of CAM definition standards.
Mainframe computer I/O not supportive
of CAM and vice versa. Interface is a
problem.

Higher precision and accuracy. Intelli-
gent robotics available {force sensing,
vigion). Flexibie manufacturing
systerns in smailer companies. Better
linkage between machines. SMT fully
mechanized. More masenal handiing
applcanons. Cabie and hamass
assembly cormmon.

Network strategy Incessingly defined

for entity. Systasre installed ere low

in bandwidth (10-20 Mbps). Fiber optic
available. More transparent

file ransiators. Significant

improvament in intramanutacturing

interfaces. Migration under way to

token ring (CNA) architecture.

Distributed data tools available. Some

plants fully networked.

Further improvements In precision and
accuracy. Cooperating robots with
distributed control. Autonomous
"navigation.” Flaxible manufacturing
Systems more comvTon. industry
standards promote cost effectivity.

Industry standards recognized.
Muhdvendor intarconnection cofmTon.
Progress siowed by axisting capital

base. Interface tssues sotved. Full

plant networking comvron (100 Mbps).
MAP s out of date. New broadband and
optic technologies amasge.

Copyright © National Academy of Sciences. All rights reserved.
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4. Design Automation Tools

Design automaton tools not widely used
to test product or process because of
limited capability. Present capabili-

ties include autogeneration of tooling,
board-ievel fault isolation, and

in=circuit testing. CAD systems can
produce component vaiues and circuit
tegt veclors,

Widespread capability in functional
testing using available PCs and
minicomputers. Use of maintenance and
supercomputers constrained by cost.
Data networking to take advantage of
mainframes and supercomputens is
inagequate.

TEST: PRODUCT AND PROCESS

Design a/mation tooling capable of
autogener ation of tast programs,
a/bmatio process corecton, and
on-board fault isolation. Workstations
have integrated design toois, and good
links achieved between CAD systarme and
coffvrercial test systarma.  SkTulated

fault testing in the design stage

ParaBal processing essss probiem of
power. Better integration of

9. Artificial Intelligence Tools (Varfous Forms)

Very active area of research.

systema for component fault isolation
available. Robotics and vision are
areas that can make contribution.
First-generation programs capabie of
some deep reasoning to darive tast
data.

Increased complexity of fault-isolation
systems. Feadback changes to design
for automated leamning. Board-level
programs become available. Ability to
use historical data in automatic test
generation.

Full test generation on a workstation
should be possible. Test systerma will
be integrated into design process.
Systema will be capabile of automatic
chip-level fault isolaton. Most prod-
ucts and equipment will have built-in
solf-test.

High-speed functional tests on ECC and
GaAs. Software advances driven by Al.
Total test program generation. Smart
sanaon help with fault isolation.

Automatic genaration of test parameters
and ssiecion of msts. Sysimve test
twrmaives. Feadback to design

Copyright © National Academy of Sciences. All rights reserved.
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CURRENT AND FUTURE STATUS OF KE(Y ELEC'I'.IZONIC MANUFACTURING TECHNOLOGIES
continu

STATUS TODAY WITHIN 5§ YEARS WITHIN 10 YEARS

Separats data bases and libraries, Fifty percent of data bases are Distributed-test data basee used
usually not linked. Hierarchical test relational; knowledge~-based data basce throughout procasa.  Single ibrary
equipment--configuration and failure, used for troubleshooting. Librasy data base for total factory.
data coflection. Test patterns models becoms comeTon, shared data bases
deveioped and stored with only partial used by design and test functions.
fault coverage. PC and minicomputer Products with built-in self-tast
data bases used, limited to one product relleve some data base requiraments.
line. Data collectad and stored acroes many
product ines.
Manipulators avallable to load and Intelligent robots with vision and Cooperutive robots with autonomous
unioad autormnatic test equipment force sensing capability. Higher level operation standards in place. Sultcase
Robotic aasambilies do insertion into prograstyring langueges available. Auto- tssting avalable 10 intarface to
test fixtures. Quality of software is matic probing using vision sensors. anomaed test equpman.  Sysams
a problem. Easy reconfiguration. Networking highly automated. Automated matscial
linking design workstation to plant handiers for tast repair cycla.
avaitable.

28. Data Networking gnd Security

A imited amount of networking has been Greatar avaliability of standsrds: Central network for factory of future
implementad. Lack of standards inhibit TOP, MAP, OSI. Local area networks availsble. Modaing schniques drive
Imasconnectvity. Integrated with manutacturing protocol. networking. Full broadband Interconnec-

tivity. MAP, TOP, OSl, ISDN.

Copyright © National Academy of Sciences. All rights reserved.
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FIELD SUPPORT

10. Artificlal Intelligence Tools (Various Forms)

Umited fleld use for disgnostics,
troubleshooting, maintenance, and
training. “Earty” expert syswame
operational. Feedback loops are
manual.

Integrased fleld support packages
availadle, including maintenance,

repair, raining, and early warning.
Expert systema with automated feedback
loop and custom hardware tor data
collection. Al coach in CE's hands at

Wide variety of dats bases in use
today, mainly for specific products and
proprietary applications. Distributed
monitoring and failure data collection
systems. Good basic technology,
limited applications software.
Engineering and manufacturing data
bases used 1o support flaid on products
currently in production; smrvice

buligting generated astomaticaly.

Relational dats bases support deuign,
test, and flaid operations.

based data basees for troubleshooting
using on-fine comrsTunications.
Distributed archicture links design
workstsions and flald support Al

systan. Manufacturing and maintenance

Distriduted flaid data basss for each
customer engineering activity. Data
bases integrated into total factory
system using a common “query”
language. Automatic generation of
s@rvice data/documentation. Drawings,
tests, and parts data stored and
rangmited digitaly.

Copyright © National Academy of Sciences. All rights reserved.
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STATUS TODAY

(continu
WITHIN 5 YEARS

e —

CURRENT AND FUTURE STATUS OF KEY ELECTR)ONIC MANUFACTURING TECHNOLOGIES

WITHIN 10 YEARS

Many "islands” of automation, loosely
coupled. A few totally integrated
operations linking order processing,
design, manufacturing, shipping, cost
accounting, and personnel systerma
through cormymon mainframe data bases.
Existing systerms mainly for mid-to-high
volume production. Varies widely from

same company.

OHeNFTOCSS!

Computer-based training, automated
assambly instruction, and some expert
systems available. Some on-line
process instruction, but no effort to
integrate activity as part of total
factory. No training for the “total
factory.”

company to company and even within the

“Seamiesy” systam integration possible
through the use of distributed data
bases and high-speed networks. Emer-

gence of complementary vendor syS\ware

Degras of implementation depends on
automation throughout factory.

HUMAN FACTORS

Al customized training, tallored o
Individuai needs. On-line JIT training

systerre available.

TOTAL SYSTEM INTEGRATION: ALL FUNCTIONS
29. Total System Integration (Including System Adspfablifty)

Fully integrated systems available

using distributed hardware and data
bases, with closed-loop operation and
including automated real-tme

statistical process control. Totally
integrated systam links component and
maternal suppliers and customer with
plant and provides field test and

suppon through on-line communications
links.

Most vendor-suppliod equipment and
systems will comuin on-line help and
just-in-me training. Natural and
graphic languages will be availabie for
on-line "courses.” Sell-training will
cover equipment, process, and associ~
ated softwarse, focus will be on both
operator and problem solving.

Copyright © National Academy of Sciences. All rights reserved.
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APPENDIX B
Questionnaire Data
Table B-1. ESSENTIALITY
Number of Respondents Who
Rated the Technology
ESSENTIALITY
Tech. |Absolutely| Very Supporting | INDEX
Number|Essential |Important|Technology
1 4 6 3 2.15
2 15 2 0 3.76
3 9 7 1 2.94
5 14 6 0 3.40
6 10 6 0 3.25
7 1 4 1 2.00
8 3 10 2 2.13
9 4 7 3 2.14
10 4 4 2 2.40
11 8 5 1 3.00
12 1 6 2 1.78
13 2 7 1 2.20
14 10 3 1 3.29
15 12 0 1 3.69
16 4 5 1 2.60
17 6 6 3 2.40
18 6 8 0 2.86
19 6 7 1 2.71
20 5 4 3 2.33
21 9 7 0 3.13
22 8 6 0 3.14
23 8 4 0 3.33
24 5 7 1 2.62
25 12 4 0 3.50
26 10 3 0 3.54
27 13 3 0 3.63
28 8 5 1 3.00
29 13 3 0 3.63
30 5 9 1 2.53
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Questionnaire Data

Table B-3. U.S. NET POSITION
Lowest Highest AVERAGE
Estimate of |Estimate of|U.S. LEAD
Tech. |U.S. Lead |U.S. Lead |OR LAG
Number |or Lag or Lag (IN YEARS)
1 -5.00 5.00 2.66
2 0.00 10.00 4.63
3 -5.00 4.00 -0.45
4 -5.00 3.00 1.00
5 -1.50 10.00 6.00
6 -3.00 4.00 3.25
7 -2.00 5.00 3.25
8 -1.00 7.00 3.00
9 -5.00 5.00 3.00
10 1.00 7.00 3.67
11 0.00 5.00 4.00
12 1.00 5.00 2.75
13 0.00 10.00 4.25
14 2.00 3.00 2.20
15 -5.00 3.00 1.75
16 1.00 2.00 1.50
17 -5.00 3.00 . 2.00
18 -7.00 0.00 -4.10
19 -10.00 -1.00 -4.70
20 -3.00 -2.00 -2.50
21 -5.00 4.00 -1.17
22 -5.00 2.00 -2.80
23 -5.50 -1.00 -4.50
24 -5.00 -2.00 -2.50
25 -5.00 5.00 -0.38
26 -3.00 4.00 1.25
27 -5.00 5.00 0.67
28 -1.00 5.00 1.00
29 -3.00 5.00 -0.39
30 -5.00 6.00 -0.75
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Questionnaire Data

Table B-4. CRITICALITY INDEX

Tech. |JU.S. Net |Average

Number |Position |Barrier|Essentiality|CRITICALITY
1 2.66 3.75 2.15 8.08
2 4.63 2.00 3.76 3.76
3 -0.45 2.00 2.94 11.76
4 1.00 3.50 2.80 9.80
5 6.00 2.00 3.40 3.40
6 3.25 4.00 3.25 6.50
7 3.25 3.50 2.00 3.50
8 3.00 3.00 2.13 3.20
9 3.00 3.50 2.14 3.75
10 3.67 2.00 2.40 2.40
11 4.00 2.00 3.00 3.00
12 2.75 1.65 1.78 2.93
13 4.25 1.44 2.20 1.58
14 2.20 3.50 3.29 11.50
15 1.75 3.00 3.69 11.08
16 1.50 2.65 2.60 6.89
17 2.00 3.00 2.40 7.20
18 -4.10 1.64 2.86 18.69
19 -4.70 3.00 2.71 32.57
20 -2.50 3.80 2.33 26.60
21 -1.17 1.00 3.13 9.38
22 -2.80 2.05 3.14 19.33
23 -4.50 ~2.00 3.33 26.67
24 -2.50 0.50 2.62 3.92
25 -0.38 0.50 3.50 3.50
26 1.25 2.37 3.54 8.37
27 0.67 1.50 3.63 10.88
28 1.00 1.75 3.00 5.25
29 -0.39 2.54 3.63 18.38
30 -0.75 1.45 2.53 7.35
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Appendix C
R&D SUMMARY

This Appendix lists the companies, universities, and
other organizations that questionnaire respondents cited
as leaders in research and development. The list
reflects their judgment; exclusion from the list does
imply that the organization is not an R&D leader, and
inclusion does not imply the endorsement of the Panel on
Strategic Electronics Manufacturing Technologies.

DESIGN AUTOMATION TOOLS

Air Force Materials Laboratory, Apollo, Applicon,
AT&T, Boothroyd Dewhurst, Brigham Young, Calma, Carnegie
Mellon, Cednetix, CIS-Toulouse, Computer-x, Daisy,
Digital Equipment, ECAD, Ford, Fujitsu, Futurnet, General
Motors, Georgia Tech, Hitachi, Hewlett-Packard, IBM,
Industrial Technology Institute, Intel, Kyoto U., Makino,
McDonnell-Douglas, Mentor ‘Graphics, MIT, Motorola, NCA,
NCR, NEC, NTT, Philips, Rensselaer Polytechnic Institute,
SCI Systems, SDL, Silicon Graphics, Silvar-Lisco, SSI,
Stanford, STI, Sun Microsystems, Texas Instruments,
Toshiba, UC-Berkeley, UCLA, U. Illinois, U. Maryland, U.
Michigan, U. Rhode Island, U. Texas, U. Waterloo, Valid
Logic

COMPUTER CAPABILITY
Advantest, Apollo, Apple, AT&T, Boeing, Carnegie

Mellon, CNRS-Toulouse, Control Data, Cray, Defense
Advanced Research Projects Agency, Digital Equipment,

77

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog.php?record_id=19132

The Future of Electronics Assembly
http://www.nap.edu/catalog.php?record_id=19132

78

ETA, Ford, Fujitsu, Generad, General Motors, Hewlett-
Packard, IBM, Intel, Intergraphics, MCC, McDonnell-
Douglas, MIT, Motorola, NCR, North Carolina State, Prime,
Rita Electronics, Secattle Silicon, Sematech, Sentry,
Silicon Compiler Systems, Stanford, Sun Microsystems,
Tail EDA, UC-Berkeley, UCLA, U. Illinois, U. Michigan,
University of Southern California

ARTIFICIAL INTELLIGENCE TOOLS

Air Force Materials Laboratory, Angol, Arizona State,
AT&T, Bell Labs, Cambridge, Carnegic Mellon, CNAS,
Consortium on Al, Digital Equipment, Fujitsu, GE,
Hewlett-Packard, IBM, McDonnell-Douglas, MIT, Mitsubishi,
National Bureau of Standards, Naval Research Labs, NEC,
Purdue, Rockwell, Rutgers, SEI Corporation, Stanford, Sun
Microsystems, Symbolics, Syracuse U. Tektronix, Tera-
dyne, Texas Instruments, Tokyo U., Toshiba, UC-Berkeley,
U. Illinois, U. Maryland, U, Massachusetts, U. Michigan,
U. Pennsylvania, University of Southern California,
Xerox, Yale U.

DATA BASE TECHNOLOGIES

Advanced Manufacturing Inc. (AMI), Allied Bendix,
AT&T, Boeing, Brigham Young, Control Data, Digital
Equipment, DPGM, Generad, General Dynamics, Grumman,
Hewlett-Packard, Honeywell, IBM, Initial Graphics
Exchange Specification, Kodak, LSI Logic Corporation,
McDonnell-Douglas, MicroSoft, MIT, Oracle, Progress,
Purdue, Rockwell, Schlumberger, Stanford, Sun Microsys-
tems, Tektronix, U. Connecticut, U. Florida, U. Illinois,
U. Maryland, University of Southern California

MODELING AND SIMULATION

Analogy Inc.,, Arizona State U.,, AT&T, Autosimulation
Inc.,, Auto Simulators Inc., Boothroyd Dewhurst, Brigham
Young U., CACI, CADRE Technologies, Carnegic Group,
Carnegiec Mellon, Clemson, Computervision, Control Data,
Cornell, Daisy, Digital Equipment, Eaton, Eden, Factrol
Inc.,, Ford, GCA, General Electric, General Motors,
Harvard, HHP Systems, IBM (especially Lexington
facility), Intel, Intelicorp, InterGraph Corporation,
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Martin Marietta, Mattel, McDonnell-Douglas, Metha, Metro
Graphics, MIT, Motorola, National Burecau of Standards,
North Carolina State, Northern Telecom, Penn State U,
Perkin Elmer, Pritsker & Associates, Purdue, Santa Clara
Univ.,, Siemens, System Modeling, Tektronix, Therin Co.,
Texas Instruments, Tylan, U. California, U. Maryland,
U. Michigan, U. North Carolina, U. Arizona, U. Illinois,
U. Texas, Varian, Westinghouse, Xerox, ZYCAD

AUTOMATED STATISTICAL PROCESS CONTROL

Allen-Bradley, AT&T, Bell Labs, Chrysler, Datamyte,
Fujitsu, General Motors, Hewlett-Packard, IBM, Lockheed,
Mattel, Matsushita, Mitsubishi, Purdue, 3M, Texas
Instruments, Toyota, TRW, U. Arizona, Westinghouse

COMPONENT MOUNTING AND CONNECTION

Arizona State, AT&T, Bell Labs, Boothroyd Dewhurst,
Cray, Digital Equipment, ETA, Fujitsu-Amdahl, GE,
Hitachi, IBM, Intel, Lockheed, Matsushita, Mitsubishi,
Motorola, Philips, Rockwell, UC-Santa Barbara, Texas
Instruments, U. Rhode Island

FABRICATION, ASSEMBLY, AND TEST

Adept Inc, AT&T, Carnegic Mellon, Chrysler, CIMLINC,
Cincinnati Milacron, Digital Equipment, Fanuc, Fraun-
hoffer Institutes, GMF Robotics, Hewlett-Packard, IBM,
Intelidex Inc., Kearney and Trecker, Komatsu, MIT,
Mitsubishi, Motorola, National Burecau of Standards,
Purdue, Siemens, Steelcase, Tokyo Institute of
Technology, Tokyo U., Toyota, Unimation, UC-Santa
Barbara, U. of Kyoto, U. of Osaka, Wasebo U, Yamaha

FACTORY SYSTEM TECHNOLOGY

Allen Bradley, Amdahl, Apollo, Applitek, ASEA, AT&T,
Autotrol, Bell Labs, BNN, Boeing, BOSI, Bridge Communi-
cation, Carnegie Mellon, Chrysler, Cincinnati Milacron,
CNRS (France), Codex, Computervision, Computerex, Concord
Data, COS, David Systems, Digital Equipment, Ericsson,
Fanuc, Fiat, Ford, Fujitsu, GE, General Motors, Geokeio
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U. (Japan), Georgia Tech, Gould, Hitachi, Honeywell,
Hewlett-Packard, IBM, ICC Industries, ICL, Industrial
Technology Institute, INI, INRIA of France, ISO Commit-
tees, Kodak, Lehigh U., MAP/TOP Users Group, McDonnell-
Douglas, MicroSoft, MIT, Motorola, National Bureau of
Standards, OSI; Product Definition Data Interface,
Proteon, Purdue, Rensselaer Polytechnic Institute, SBAG,
Schlumberger, Scientific Atlanta, Stanford, Sytex,
Tandem, Technical Union (VMI), Technical U. of Vienna,
Telecom Systems Development, Texas Instruments, TRW,
Ungerman-Bass, U. of Michigan, U. of Victoria (Canada),
U. of Waterloo, University of Southern California,
Westinghouse

TRAINING TECHNOLOGIES

Apple, Boeing, Arizona State U, Carnegic Mellon,
Computer-Aided Manufacturing - International, Chrysler,
Digital Equipment, Ford, General Dynamics, General
Motors, Hewlett-Packard, IBM, Ingersoll Milling Machine,
Purdue, UC-Santa Barbara, Texas Instruments, Toyota,
Xerox ’
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Appendix C
R&D SUMMARY

This Appendix lists the compani¢s, universities, and
other organizratioas that Qgqucstioandirc re3pondents cited
as leaders ia recscarch and developmend, The list
reflects their judgment; cxclusion from the list doe¢s
imply that the orgacization it not aa R&D leader, and
inclusion daes not imply the endarsement of th¢ Pan¢el oo
Strategic Electronics Manufacturiog T¢chnologies.

DESIGN AUTOMATION TOOLS

Air Force Materials Laboratory, Apollo, Applicon,
AT&T. Hoothroyd Dewburst, Brigham Young, Catma, Caracgic
Melloo, Ccdnetix, CIS-Toulouse, Computer-z, Daisy,
Digital EqQuipment, ECAD, Ford, Puojitsn, Fuotornet, Geaeral
Motors, Georgia Tech, Hitachi, Hewleti-Packard, I[BM,
Industrial Technology Institute. Intel, Kyoto U, Makino,
M¢Doant¢ll-Dougtas, Meotor Grapbics, MIT, Motorols, NCA,
NCR, NEC, NTT, Philips, Renssclacr Polyrechnc lnsiitute,
SCI Sysiems, SDL, Silicon Graphics, Silvac-Lisco, SSI,
Sta.r:ford, ST), Sun Microsystems, Texas Iasirvemcais,
Toshida, UC-Berkeley, UCLA, U. Ilicois. U. Mazyland, U,
Michigan, U. Rbhode Island, U. Texvus, U. Waterloo, Valid
Logic

COMPUTER CAPABRILITY
Advaotest. Apollo, Apple. AT&T, Becing, Caracgie

Mellon, CNRS.Toulavsc, Contsal Data, Cray, Defense
Advanced Research Projects Agcacy. Digital EQuipmeny,

17
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ETA, Ford, Fujitsu, Gen¢rad, Genceal Motors. Hewlett-
Packard, 1BM, Iniel, lontecgraphics, MCC, McDonnell-
Douglas, MIT, Motorols, NCR, Neorth Carolina State, Prime,
Rita Electronics, Seattle Silicon, Sematech, Secalry,
Silicon Compiler Systems, Staaford, Sun Microsystems,
Tail EDA, UC-Berkeley, UCLA, U. Mlinois, U. Michigan,
University of Southern Califoraia

ARTIFICIAL INTELLIGENCE TOOLS

Air Force Materials Laboistory, Ao0gol, Aritoos State,
AT&T., Bell Labs, Cambridge, Carncgie Mellon, CNAS,
Copsortium on Al, Digital EQuidment, Fuljitsv. GE,
Hewlett-Packard, IBM, McDonnell.Douglas, MIT, Musubishi,
National Bureau of 3S1andards, Naval Research Labs, NEC,
Purdue, Rockwell, Rutgers, SB! CecPoration, Sianford, Sun
Microsystems, Symbolics, Syracuse U, Tekironix, Tera-
dyne, Texas Instrumems, Tokyo U, Toshiba, UC-Berkeley,
U. Illiaois, U. Moryland, U. Massachugetts, U, Michigan,
U. Pennsylvania, University of Southern <California,
Xerox, Yale U,

BAYA BASE TECHNOLOGIES

Advanced Manufaciuring Inc. (AMI), Allied Bendix,
ATA&T, Bo0cing. Brigham Young, Control Data, Digital
EqQuipment, DPGM. Generad, Geoeral Dypamics, Grumman,
Hewlett-Packard, Honeywell, IBM, Initial Graphics
Excbange Specification, Kodak, [S! Logic Corporation,
McDonnell-Douglas, MicroSoft, MIT,. Oracle, Progress,
Purdue, Rockwell, Schlumberger, Stanforcl, Suo Microsys-
tems, Tekironix, U. Conpecticut, U. Florida, U. 1llioois,
U. Maryland, Uoiversity of Southern Calif ornia

MODELING AND SIMULATION

Apalogy Inc., Arizona State U, AT&T, Aulosimulation
Inc, Auto Simulabors Inc, Boothroyd Dewhuest, Brigham
Yovag U, CACI, CADRE Techanolog 18, Carncgic Croup,
Carncgic Mellon, Clemson, Computervision, Conirol Data,
Cornell, Daisy, Digital Eguipmeont Eaton, Ed¢o, Factrol
[nc., Ford, GCA, Genera]l Electric, Genecral Motors,
Harvard, HHP Systems, IBM (especially Lexington
facility), Intel, Intelicorp, InterGraph Corporation,
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Martia Mericits, Mztici, McDoseeli'Dosglos. Mnla. $cuo
Graphics, MIT, Woeoscla, MNstionsi Burcap of SAaAsgwdx
North Cuarolias Sutc. Nothae Trwsmm, Pean St U,
Pehia BEmce, Pritkes & Amxinics, Prides. Saatn Clan
Univ, Sikamsss, Sysicm Modelikj, Tekiodis, Twerio Co,
Tozas [ustroments, Tylan, U. Celifora'a, U, Maryiaod,
U. Michisea, U Nor2 Caroliaa, U Arieens. U, MWlinois,
U, Tenas, Varize, Wesitngdouse, Xcron, ZYCAD

AUTOMATRED STATISTICAL PROCESS CONTROL

Altce.Bradlay, AT&T. Bell Labde, Chrytlar, Dutamyze,
Fujiow. Geaerel Motors, Hewlcit-Puchard, [BM, Lockhced,
Meottal, Malseshita. BMitsudishi, Poedue, IM. Tezas
Testromants, TOYo, TRY. . Artmna, Wallaghome

COMPONENT BMOUKST\NG AND CONNERCTION

Aricoas Suls, ATET. Bzl lads B80oldtoyd Mxwiarst,
Ciay. Digiial Eqeirment, ETA. Fejitsa-Amdabl. GE,
Hitaebl. (BM, Iolecl, Lockhced, Mnitushits, Milsubichi,
Motorole, Philipe, Rockwell, UC.Serita Bacbara., Texas
insitumecis, U. Rhode Islapd

FABRICATION. ASSEMBLY, AND TAST

Adept I8s, ATAT. Carncgic Mellcs. Carysler, CWOAINC,
Clocinnsti Milacron, Digital Egeipmecnt, Fasee, Fraua-
Wolfer Iosiicanes, GMF Rodotics, Mcwicu-Packerd, I[BM,
letelides 01ac. Xcarncy azd Trecker. Komasie. MIT,
M313eithi, Motocoln, MNatioasl Deccns of Sctaadards
Toecedne, Slemecer, Sicclcause. Tokyo |estitwee of
Teelbolos?. Tokyo U. Toyots. Usimatios, UC-Ssata
Bacters, U. of Kyoaa, U of Omaka, Wasebo U. Yamabs

FACTORY SYSTEM TECHNOLOCY

Allen Dredloy, Amdshl, Avoallo, Applitek, ASCA, ATAT,
Autoirol, Bell Labs, BPNN, Boeing, BOSI Hsidac Communi-
cntios, Cernmpic Mcltoo, Chrysler. Clincinoatl Mitacroo.
C RS (Pmaacel Codex, Coopwiesvision. Computercs. Coacord
Pata, COS, Dsvid Syitems, Digitel EQeipmons. Erictao0,
Fatee, Fist, Ford Fepon, GE, Geoeral btorn Geokeno
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U. (Japan), Georgisa Tecd, Gould, Hitachi, Hoocywell,
Hewlctt.-Packard, [BM, [CC Iodustrics, [CL, [ndustrial
Techaology lostitute, I[NI, INRIA of France, [SO Commut-
t%ces, Kodak, Lehigh U. MAP/TOP Uscrs Group, McDonnell-
Douj:las, MicroSoft, MIT, Motorola, National Bureau of
Standards, OSI, Product Deflinitioo Data I[nterface,
Proteoa. Purdue, Renssclacr Polytechpic Institute, SBAG,
Schlumbcrger, Scientific Atlanta, Stanford., Sytex.
Tandem, Tecchoical Union (YMI), Techrical U. of VYienna,
Telecom Systcms Development, Tcxas [nstruments, TRW,
Ungecrman-Bass, U. of Michigan, U. of YVYictoria (Capada),
U. of Waterloo, University of Southern Califoraia,
Weut'inghous:

TRAINING TECHNOLOGIES

Apple, Bocing, Arizona State U, Carocgic Mellon,
Computer-Aided Manoufacturing - [(nternanional, Chrysler,
Digital EQuipment, Ford, Gencral Dyngmics, General
Motors, Hewlctt-Packard, 1BM, Ingersoll Milling Machine,
Purdue, UC-Santa Barbara, Tezas Instrumens$s, ToYota,
Xerox
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